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9ABSTRACT
Chain elongation with open cultures is an emerging biotechnological process for 
the conversion of residual biomass to precursors for fuels and chemicals. Like 
anaerobic digestion, chain elongation is catalyzed by an anaerobic open-culture 
(i.e. reactor microbiome). e open culture chain elongation process upgrades low-
value volatile fatty acids (VFAs from e.g. acidied organic waste) with an electron 
donor (such as ethanol) into high-value medium chain fatty acids (MCFAs), such 
as n-caproate. Although fermenting with open-cultures has many advantages, they 
do typically bring also undesired competing processes which degrade substrates 
and products. A selective control (i.e. inhibition) of these competing processes 
will lead to a more eective chain elongation process. e goal of this thesis was to 
control competing processes in ethanol-based chain elongation. Special attention 
was given to control the competing process excessive ethanol oxidation (EEO). 
EEO degrades ethanol, which is a valuable substrate, but does not contribute 
directly to chain elongation.
In this thesis, it was shown that EEO is dependent on hydrogenotrophic 
methanogenesis. e overall reaction can be referred to as syntrophic ethanol 
oxidation. By limiting the CO2 loading rate to a chain elongation process, syntrophic 
ethanol oxidation was also limited. Next to CO2 loading rate, it was found that a 
long HRT in a continuous chain elongation process also resulted in a limited rate 
of syntrophic ethanol oxidation. A major advantage of this strategy over a limited 
CO2 loading rate is that the n-caproate concentration can become very high. Later 
on, with inhibition assays, it was shown that these high n-caproate concentrations 
were inhibitory to syntrophic ethanol oxidation. As such, accumulation of 
n-caproate in chain elongation bioreactors inhibits syntrophic ethanol oxidation 
which leads to a more selective and ethanol-ecient chain elongation process.
In this thesis, also the discovery of granular sludge formation in a chain elongation 
process was presented. e granules did contribute to MCFA production; though 
the formation of these granules seemed to coincide with high-rate syntrophic 
ethanol oxidation. Although chain elongation can eectively produce n-caproate 
from organic residues, ethanol and base use can be further reduced to lower 
operational costs and environmental impact. An outlook is provided, therefore, 
on how to further minimize ethanol-use and base-use to further increase the 
eectiveness of chain elongation processes.
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1.1 Biomass residues as alternative resource for fuels and 
chemicals
Due to a growing world population and wealth, the demand for fuels and chemicals 
is increasing. Fuels and chemicals are conventionally produced from petrochemical 
resources (e.g. kerosene from fossil oil [1]), food crops (e.g. bioethanol from 
sugarcane [2]) and oil crops (e.g. biodiesel from palm oil [3]). Using these resources 
for production of fuels and chemicals, however, has major drawbacks. Whereas 
petrochemical resources are nite and cause global warming, using arable land 
space for applications other than food production results in enhanced loss of 
water resources and biodiversity [4] [5]. It is therefore evident that tomorrow’s 
fuels and chemicals have to be produced from renewable resources which do not 
compete for arable land space. Fortunately, these alternative resources do exist: 
biomass residues that are less suitable for food and feed, such as wheat straw, 
food scraps, sewage sludge and potato peels (Figure 1.1), have great potential as 
alternative resource for fuels and chemicals and are abundantly available. Within 
the European Union, 88 million tonnes of food waste were generated in 2012, 
including agricultural residues, residues from the food industry, supermarket 
food waste and food scraps from restaurants and households [6]. Recycling such 
residues into renewable fuels and chemicals reduces both the dependency of 
petrochemical resources and land-use for non-food applications.
e conversion of biomass residues into bio based fuels and chemicals ts within 
the philosophy of a circular economy. In a circular economy, residual streams and 
used products don’t become waste but are used again as valuable resources. is is 
more sustainable than a linear economy, in which natural resources are consumed 
while residual streams and used products are typically incinerated, disposed of, 
or used as land ll, leading to depletion of natural resources and environmental 
pollution. e European commission dened a circular economy as an economy in 
which “the value of products, materials and resources is maintained in the economy 
for as long as possible, and the generation of waste minimized” [11]. By converting 
biomass residues into a fuel or into a chemical instead of incinerating for heat 
and/or electricity production, more value is maintained. Moreover, a waste stream 
is hereby reduced, thus resembling the key feedstock for a circular (biobased) 
economy.
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Figure 1.1: Examples of biomass residues that can serve as renewable feedstock for production of 
fuels and chemicals. a) Straw, b) food scraps, c) sewage sludge, d) potato peels. Images are adapted 
from ref [7], [8], [9] and [10].
1.2  Feedstock composition determines which conversion 
route is suitable
e conversion of biomass residues into biobased fuels and chemicals is a kind of 
biorening, which is dened as “the sustainable processing of biomass into a spectrum 
of bio-based products (food, feed, chemicals, and/or materials) and bioenergy (biofuels, 
power and/or heat)” [12]. As such, biorening is analogous to oil rening, which 
is based on the conversion of fossil oil into a spectrum of products and energy. 
Biomass, however, cannot readily substitute for fossil oil because it has dierent 
characteristics. Whereas fossil oil consists primarily of carbon and hydrogen atoms, 
biomass also consists of oxygen atoms. Besides, biomass residues oen contain 
water and nutrients, are typically heterogeneous and are usually recalcitrant to 
conversion [13]. ese characteristics make it challenging to eciently convert 
biomass residues into a valorised product. For an energy-ecient conversion, the 
conversion route must suit the composition of the feedstock. Residues with high 
water content, for example, such as food scraps and sewage sludge, are not eective 
18043 Mark Roghair.indd   13 10-10-18   15:06
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for dry thermochemical conversions (gasication and pyrolysis) because this would 
cost much energy to evaporate the water. Wet residues, therefore, are more suitable 
to be converted through wet processes such as anaerobic digestion or hydrothermal 
liquefaction. Lignocellulosic biomass residues, such as corn stover and wheat straw, 
have a low water content and are therefore more suitable for dry thermochemical 
processing. A disadvantage of thermochemical processes, however, is that they 
destroy the compost value of biomass and thereby deplete the soil of organic matter. 
Possible conversion routes of both wet and dry residual biomass into fuels and 
chemicals are presented in Figure 1.2.
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Figure 1.2: Possible conversion routes of wet and dry residual biomass to bio based fuels and 
chemicals via intermediates (i.e. platform chemicals) or via bio oil. Ethanol is a well-known electron 
donor for chain elongation and, as shown, can be derived from residual biomass in various ways. 
Pretreatment steps are not shown. Price ranges are derived from ref [16] and www.alibaba.com 
(February 2018) for bulk orders. VFAs: volatile fatty acids. MCFAs: medium chain fatty acids. PHAs: 
Polyhydroxyalkanoates.
Conversion routes from residual biomass to bio based fuels and chemicals typically 
involve a breakdown of the biomass into small intermediate molecules (i.e. 
platform chemicals) and a subsequent conversion of these intermediates into the 
desired products (Figure 1.2). To date, three platforms are distinguished: 1) sugar 
platform, 2) syngas platform and 3) carboxylate platform [14]. Apart from these 
platforms, residual biomass can also be converted into bio oil through pyrolysis 
(dry biomass) or hydrothemal liquefaction (wet biomass). Bio oil could eventually 
be upgraded to transportation fuels [15].
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1.3  MCFA production from wet residual biomass through 
anaerobic open-culture chain elongation
is thesis focusses on the conversion of wet residual biomass into medium chain 
fatty acids (MCFAs), such as caproate, through the carboxylate platform. In the 
carboxylate platform, wet biomass is hydrolyzed and acidied into volatile fatty 
acids (VFAs), such as acetate, propionate and butyrate, as intermediates [14]. 
is process is performed by an anaerobic open-culture reactor microbiome, a 
consortium of microorganisms that is controlled by process conditions and not by 
genetics. VFAs can be further converted into biogas by the same or by a subsequent 
microbiome. is is also known as anaerobic digestion. Although anaerobic 
digestion is a common way to treat wet residual biomass [17], the resulting 
methane within the biogas has typically limited applications (heat / electricity / 
vehicle fuel [17]) and a low economic value which makes this solution not very 
protable. Producing higher-value products than methane, therefore, such as 
MCFAs, is gaining increasing interest. MCFAs have a relatively high economic 
value (Figure 1.2) and can be used for a wide variety of applications such as aviation 
fuels, lubricants, feed additives and dyes [18]. Moreover, like methane, MCFAs 
too can be produced through anaerobic open-culture reactor microbiomes. e 
advantage of these open-culture processes is that they can handle a mixture of 
residual streams under mild conditions and that they do not need sterilisation of 
feedstock and reactor [14]. Moreover, additions of toxic and expensive bioactive 
chemicals (e.g. antibiotics or 2-bromoethanesulfonate) are also not necessary.
e proposed conversion of residual biomass into MCFAs proceeds through two 
open-culture processes which can be combined (example in [19]) or performed 
separately (example in [27]). First, as is inherent to the carboxylate platform, 
residues are hydrolysed and acidied, resulting in production of VFAs and lactate. 
Second, these VFAs are converted together with an electron donor, such as 
ethanol, into MCFAs through chain elongation. is conversion is performed by 
chain elongating micro-organisms (e.g. Clostridium kluyveri) that use the reverse 
β-oxidation pathway (Eq 1.1) [21]. e electron donor for chain elongation is 
preferably also derived from residual biomass such as lignocellulosic bioethanol 
(reviewed in [22]). However, todays’ ethanol is typically produced from food (rst 
generation bioethanol) or petrochemical resources (synthetic ethanol). 
18043 Mark Roghair.indd   15 10-10-18   15:06
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Overall stoichiometry of the reverse β-oxidation pathway:
     (Eq 1.1)
Chain elongation with open cultures is an emerging application that can handle 
many organic feedstocks: it has been demonstrated with synthetic waste [23] [24] 
[25] [26] and with organic residues such as acidied organic fraction of municipal 
solid waste [27], acidied garden- and kitchen waste [28], with undistilled 
fermentation broth from the bioethanol industry [19] [29] and with acid whey 
waste from the dairy industry [30]. Open-culture chain elongation is typically 
performed under mesophilic conditions (30 °C), and at either near-neutral 
pH (e.g. ref [24] [25]) or at slightly acidic pH (e.g. ref [19] [29] [31]). Various 
reactor congurations have been used; including an upow anaerobic lter [24], 
a continuous stirred tank reactor [32] and a bioreactor with in-line product 
extraction [19]. Although electron donors such as lactate [20] and methanol [33] 
have been successfully used, ethanol is the preferred electron donor for high-rate 
chain elongation [18]. In recent years, researchers have demonstrated MCFA 
production rates with ethanol-based chain elongation up to 57 gMCFA/L/d [25]. Also, 
open-culture chain elongation can be very selective as MCFA selectivities of up to 
94 % on an electron basis have been reported [25]. Open-culture chain elongation 
can also reach high product concentrations of up to 23.4 g/L caproate [34] while 
using lactate as electron donor. Overall, the technology has made great leaps in 
the past decade. Currently, a demonstration factory is being developed, processing 
approximately 40 tonnes food scraps per day, by ChainCra in Amsterdam, the 
Netherlands (www.chaincra.nl).
1.4 Challenges in ethanol-based chain elongation; 
controlling competing processes
Because we use an open-culture process for chain elongation, other functional 
groups of microorganisms than chain elongating microorganisms are usually 
present and active too [27]. ese other functional groups of microorganisms can 
degrade the substrates and products into undesired metabolites. As such, their 
presence and activity results in a limited MCFA selectivity and/or in an inecient 
use of substrates. Understanding the role of these competing processes and how 
they can be suppressed is essential for an ecient and selective MCFA production 
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process. is suppression is preferably performed without the use of bioactive 
chemicals, such as 2-bromoethanesulfonate or iodoform as methanogenic 
inhibitor. 
Although we recognize several competing processes (acetotrophic methanogenesis, 
anaerobic oxidation of fatty acids, hydrogenotrophic methanogenesis, excessive 
ethanol oxidation), in this thesis we particularly focus on one process; excessive 
ethanol oxidation (EEO). EEO degrades ethanol into acetate and hydrogen (Eq 
1.2). It is important to suppress EEO because 1) it does not produce MCFAs directly 
and therefore it reduces the eciency and 2) EEO releases a proton which requires 
extra base addition and thus operating expenses. Recently, our group evaluated the 
production of 1 kg caproate from organic waste by ethanol-based chain elongation 
with a life cycle assessment. A dominant cause of environmental impact was the 
use of both ethanol and base [35]. As such, to lower the environmental impact 
of ethanol-based chain elongation, their consumption should be reduced in the 
development of this technology. However, because EEO results in an extra supply 
of acetate, it may be an important process in the conversion of an ethanol-rich 
feedstock into MCFAs through ethanol upgrading (ethanol oxidation into acetate 
and subsequent chain elongation into even-numbered fatty acids).
Excessive ethanol oxidation (EEO):
   (Eq 1.2)
EEO is considered to be performed by ethanol-oxidizing microorganisms which 
do not perform chain elongation. Earlier work demonstrated that EEO depends 
on hydrogenotrophic methanogenesis [29]. By limiting hydrogenotrophic 
methanogenic activity through a limited CO2 availability, the hydrogen partial 
pressure increases which thermodynamically inhibits EEO [27] [29]. EEO, 
however, has not been quantied in chain elongation processes. In addition, 
the eect of EEO on ethanol upgrading was not studied before. Furthermore, 
alternative control strategies than CO2 availability to suppress EEO have not been 
identied to date.
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1.5 Goals and thesis outline
e goal of this thesis was to control competing processes in ethanol-based chain 
elongation with open cultures. is was performed by investigating a process 
observation (granular chain elongation sludge formation) and by investigating 
several control strategies (CO2 loading rate, HRT and n-caproate concentration) 
on the rate of chain elongation, EEO and other (possible) competing processes.
In the next chapter, Chapter 2, we present the discovery of granular sludge 
formation in a chain elongation process. Granular sludge formation typically 
results in increased sludge retention in the reactor, which potentially leads to an 
increased volumetric MCFA productivity and improved process eciency.
In Chapter 3, the quantitative eect of CO2 loading rate on a continuous chain 
elongation process was investigated. Hereby, we studied not only the rate of MCFA 
production and EEO but also the dierent carbon uxes that lead to MCFA 
production. Alongside, the microbial community was studied at dierent CO2 
loading rates.
In Chapter 4, the eect of hydraulic retention time (HRT) on a chain elongation 
process was investigated. A continuous chain elongation process was fed with 
hydrolyzed and acidied (real) food waste and additional ethanol and operated 
at long (4 d) and short (1 d) HRT. Both conditions were compared and evaluated 
based on an extensive set of performance indicators.
In Chapter 5, the eect of n-caproate concentration on the specic activity of chain 
elongation and competing processes was investigated with batch inhibition assays. 
In addition, two types of microbial biomass sludges were compared to study the 
potential adaptation of microbiomes to high MCFA concentrations.
In Chapter 6, a general discussion is presented about control strategies to suppress 
the competing processes in chain elongation. In addition, it is shown how much 
ethanol is inevitably used for ethanol upgrading. Finally, an outlook is provided 
on how to further minimize ethanol-use and base-use to further increase the 
eectiveness of chain elongation bioreactors.
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CHAPTER 2
Granular Sludge Formation and 
Characterization in a Chain 
Elongation Process
Abstract
Chain elongation is an open-culture biotechnological process which converts short 
chain fatty acids and an electron donor to medium chain fatty acids (MCFAs). With 
this letter, we present the rst observation of granular sludge formation in a chain 
elongation process. is discovery was made in a continuously stirred anaerobic 
reactor producing caproate (10.8 g·L-1·d-1) and heptanoate (1.8 g·L-1·d-1) as main 
MCFAs. Concurrently granular and suspended sludge were shaped and attributed 
to 85 % and 15 % respectively of the total sludge. Both sludge types showed equal 
product distributions and contributed similarly to MCFA production. Granules 
had irregular shapes, diameters up to ~1.5 mm, settling velocities of 4 to 36 
m·h-1 and contained micro-organisms with various shapes. e in-situ settler 
retained sludge in the bioreactor resulting in a SRT of 4.7 days at an HRT of 17 
hours. Granular sludge based chain elongation can be optimized as a high rate 
biotechnological process.
Published as: Roghair M, Strik DPBTB, Steinbusch KJJ, Weusthuis RA, Bruins ME, Buisman CJN: 
Granular sludge formation and characterization in a chain elongation process. Process Biochem 2016, 
51:1594-1598
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2.1 Introduction
Chain elongation is an emerging open-culture biotechnological process that 
facilitates production of chemicals from renewable resources. It uses short chain 
fatty acids and an electron donor to form medium chain fatty acids (MCFAs) 
such as caproic acid, heptanoic acid and caprylic acid [18]. ese MCFAs can be 
used as building blocks for a wide variety of applications such as solvents, fuels, 
lubricants, food additives, plastics and dyes [14]. Chain elongation can use organic 
degradable residual streams (e.g. organic fraction of municipal solid waste) as 
primary feedstock once these residues are hydrolysed and acidied [27]. e 
production of MCFAs is done by micro-organisms using the reverse β-oxidation 
pathway for chain elongation [36]. In recent years, researchers have demonstrated 
MCFA production rates with chain elongation up to 57 g·L-1·d-1 [25]. Retaining 
the active micro-organisms (i.e. sludge) is crucial to reach high rates as they are 
responsible for the conversion [37] [38]. Sludge retention in chain elongation 
has been applied using polyurethane cubes as sludge carrier material within an 
up-ow anaerobic lter [24] [25]. Another approach for sludge retention was 
demonstrated by choosing anaerobic sequencing batch reactors [19] [29]. 
For other high-rate open-culture biotechnological processes (e.g. anaerobic 
wastewater treatment coupled to methane production and Anammox), sludge 
retention is typically mediated by a granular sludge based process [37] [38]. e 
fast settle-ability of granules does allow retention of the active biocatalyst in the 
bioreactor whereas the feedstock is supplied at continuous ow. It is already known 
that hydrogen producing granules in an Upow Anaerobic Sludge Blanket (UASB) 
reactor can form caproate from sucrose during hydrogen fermentation [39]. To 
date however, former studies did not apply a specic combination of reactor 
conguration and process conditions that leads to granulation in a chain elongation 
process. erefore, formation of granular sludge in chain elongation studies has 
never been reported before. Here we present the discovery of granulation during 
chain elongation. e objective of this study was to characterize the discovered 
granules on key properties (morphology, specic activity, size distribution, settle 
ability) and alongside clarify its impact on the chain elongation process. 
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2.2  Materials and methods 
2.2.1  Reactor setup and operation
A Continuously Stirred Anaerobic Reactor (CSAR) (Applikon, Schiedam, the 
Netherlands) with a working volume of 1.0 L was used in this study. A schematic 
drawing of the reactor setup can be found in Figure S2.1 (Supporting information). 
e temperature was controlled at 30 °C. Agitation, pH, pump rates and CO2 
supply were regulated with an ADI 1010 Biocontroller (Applikon, Schiedam, the 
Netherlands). Reactor content was mixed at 100 rpm with two Rushton turbines (6 
blades) and a marine impeller (3 blades). Mixing was further assured with 3 vertical 
baes in the reactor. e pH was controlled at pH 6.8 by addition of 2M NaOH. 
Inuent and euent ows were controlled by peristaltic pumps (Watson and Marlow 
403U, UK). A vertically positioned tube (4 mm inner diameter, 29.5 cm length) 
served as an in-situ settler and was connected to the euent pump. A mass-ow 
controller (Brooks Instruments 5850S, the Netherlands) supplied CO2 at 2.5 L·L-1·d-1 
as chain elongating microorganisms such as Clostridium kluyveri require CO2 for 
growth [40]. e o-gas of the reactor was cooled using a condenser at 4 °C. Exhaust 
gas ow was determined with a gas ow meter (Ritter, Germany). e inuent was 
stored in a 20 L tank at 4 °C. e headspace of the inuent tank was continuously 
ushed with N2 gas to maintain anaerobic conditions. e initial inuent medium 
consisted of 7.7 g·L-1 propionic acid, 11.5 g·L-1 ethanol, salts, yeast extract, vitamins 
and trace metals (Supporting information). e reactor was inoculated in batch 
mode. e inoculum originated from a continuous chain elongation reactor 
and contained suspended sludge in which MCFA producers, hydrogenotrophic 
methanogens and possibly also acetotrophic methanogens were present [27]. Aer 
8 days of batch mode, the reactor operation mode was set to continuous with an 
HRT of 24 h. On day 19 the HRT was set to 17 h. On day 68, ethanol loading rate 
was doubled to prevent ethanol depletion. e SRT was calculated from the VSS 
determined in the activity test; it was assumed that the euent contained primarily 
suspended sludge, which was supported by visual observations.
2.2.2  Sampling and analysis
Liquid and gas samples were taken through a rubber septum using a syringe with 
needle. Fatty acids (C2-C8) and ethanol were determined in liquid samples whereas 
CO2 and CH4 were determined in gas samples taken from the headspace. Sludge 
samples for the activity test (day 110), for making scanning electron microscopic 
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(SEM) images (day 110), for the settling velocity assay (day 110), and for the 
granule size distribution assay (day 119) were taken from the reactor under steady 
state conditions. Methods with regard to the activity test, SEM imaging, granule 
settling velocity assay, granule size-distribution assay and analytical procedures 
are given in the Supporting information. 
2.3  Results and discussion
2.3.1  First observation of granular sludge formation
Microbial granulation was discovered in a lab-scale CSAR performing chain 
elongation from propionate, ethanol and CO2. A graphical summary of reactor 
performance can be seen in Figure S2.2. e reactor was inoculated with 
suspended sludge. MCFA production started on day 7. Aer 84 days a steady 
state was reached and maintained for 27 days (day 84-97 and day 105-119). In 
this period the main MCFAs produced were caproate (10.8 ± 0.5 g·L-1·d-1) and 
heptanoate (1.8 ± 0.1 g·L-1·d-1) at concentrations of 7.4 ± 0.2 g·L-1 and 1.2 ± 0.1 
g·L-1 respectively. ese reactor performances are in the same range as recently 
reviewed [18]. Caprylate (0.2 g·L-1 ± 0.1 at 0.3 ± 0.1 g·L-1·d-1) was formed without 
the use of acetate as substrate; a phenomenon not observed in chain elongation 
studies to date. e substrates ethanol and propionate were not depleted and were 
present at 3.7 g·L-1 ± 1.4 and 2.1 g·L-1 ± 0.2 respectively.
Aer 9 days of continuous operation the earliest observation of granules (by eye 
visible) was made. Besides granules also suspended sludge was seen in the reactor. 
Further examination with a macroscope revealed that the granules had irregular 
shapes, a light-grey color and a smooth and shiny surface (Figure 2.1a and b). 
SEM images (Figure 2.1c and d) showed that the granules consisted of various 
microorganisms as dierent microbial cell shapes (i.e. rods, cocci, lamentous) 
were observed. Extracellular polymeric substances (EPS) were also observed on 
the granules by SEM analysis (Figure 2.1d). e granules were characterized on 
size and settling velocity (Figure 2.2a and b). Most of the granules had a diameter 
between 0.4 and 1.0 mm but granule diameters up to ~1.5 mm were also observed. 
e mean granule diameter (0.7 mm) was smaller compared to granules from full 
scale UASB reactors (0.8 – 2.2 mm) [41]. e mean settling velocity of the formed 
granules in the present study (15.3 m·h-1) was found to be lower compared to full 
scale reactor granules (53 – 99 m·h-1) [41]. Granules were persistently observed up 
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to the end of the experiment at day 120. is is the rst report of granulation in 
chain elongation.
Figure 2.1: A) Overview of a sludge sample with granules, B) a close-up of several granules, C) a 
single granule by SEM imaging, D) surface of a granule by SEM imaging.
2.3.2  Sludge composition, specific activity and product distribution
e impact of granular sludge on reactor performance was quantied with 
an activity test. e activity test showed that the granules were active in chain 
elongation but also in methanogenesis (Figure 2.3). Suspended sludge showed 
a 5.5 times higher specic activity (6.6 mol C products·g VSS-1·d-1) compared to 
granular sludge (1.2 mol C products·g VSS-1·d-1). e dierence in specic activity 
between granular and suspended sludge can be explained by diusion limitation 
occurring in the granules [42]. Because of this phenomenon, granules could 
enable dierent micro conditions compared to suspended sludge, making dierent 
pathways feasible. e distribution of products was therefore determined for both 
types of sludge. ese were found to be similar (Figure 2.3) and this indicates 
that the same pathways and relative carbon uxes were applicable in granular and 
suspended biomass. No chain elongation activity was observed in bottles that were 
not inoculated (i.e. negative control) and this indicates that chain elongation must 
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Figure 2.2: a) Granule size distribution, b) granule settling velocity distribution.
have been enabled by sludge samples from the reactors (data not shown). Granules 
(1.41 g VSS·L-1; 85 %) were more abundant in the reactor compared to suspended 
sludge (0.24 g VSS·L-1; 15 %). By combining the granular VSS concentrations with 
specic activity values we could estimate that granular sludge produced ~52 % 
of all products in the reactor. e higher concentration of granular sludge in 
combination with lower specic activity makes the net production rate of granular 
sludge equal to suspended sludge. Although we claried hereby the impact of the 
granules under steady state conditions, we could however not relate the rst visual 
observation of granules to a performance improvement. 
e activity test showed that the granules had a specic methanogenic activity 
(SMA) of 13 mmol CH4·g VSS-1·d-1. However, this value is likely underestimated 
because the headspace composition was only determined at the start and at 
the end of the activity test and linearity of the cumulative methane production 
over time was not substantiated. Nevertheless, the SMA of granules was in the 
same range compared to mesophilic methanogenic granules, which has an 
SMA of 9 – 39 mmol CH4·g VSS-1·d-1 [41]. Methane could have been produced 
by both hydrogenotrophic methanogens and by acetotrophic methanogens. 
However, earlier it was explained by Grootscholten et al. (2012) that acetotrophic 
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methanogenic activity can be limited in chain elongation at neutral pH values 
[24]. ey suggested that the combination of hydraulic shear force and a low HRT 
respectively detach and wash-out the slow-growing acetotrophic methanogens. A 
similar eect may have been applicable in the present study. Although hydraulic 
shear was not induced by an up-ow mixing regime like the study of Grootscholten 
et al. (2012), we applied a stirring speed of 100 rpm that induced signicant shear 
and the HRT was suciently low (17 h) to washout suspended biomass. e 
methane production rate in the reactor was in the same order of magnitude as the 
CO2 uptake rate (data not shown) and this indicates that methane was primarily 
produced by hydrogenotrophic methanogens. However, to further elucidate the 
competing processes within the granular biomass, microbial analysis and activity 
measurements are needed at a granular level.
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Figure 2.3: (Top) Specic activity of granular and suspended sludge, (Bottom) product distribution 
(mol C product / mol C total formed products) of granular sludge and suspended sludge. Specic 
activity values of liquid components were calculated based on the rst 42 hours of the activity test. 
Specic activity values of gaseous products were determined over the whole period of the batch test 
(138 h) and could therefore have been underestimated. 
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2.3.3  Granulation and sludge retention
Microbial granulation in biotechnological processes is a complex phenomenon in 
which physical, microbial and thermodynamic aspects are involved [43]. Although 
an elaboration on fundamental aspects on microbial granulation is out of the 
scope of this study, we discuss three operational parameters that likely contributed 
to granulation and sludge retention in the present experiment: 1) hydrodynamic 
shear force, 2) presence of nucleation points and 3) continuous selection of heavier 
sludge particles. 
e rotation of the impellers (100 rpm in a 1 L CSAR) causes shear and this 
could have triggered granulation. It is even reported that hydrodynamic shear 
force is required in the formation of granules [44]. e shear force in the reactors 
must have been sucient to induce granulation but mild enough to prevent 
disintegration of granules. However, granulation is not common in continuously 
stirred reactors as nearly all granular sludge types are produced in column-type 
or liquid-upow reactors or sequencing batch reactors [44]. On the other hand, 
other authors have also reported granulation in continuous stirred reactors [45] 
[46] and some concluded that also axial ow-mixing can have a positive eect on 
sludge granulation [47]. Grootscholten et al. (2013) did not report granulation 
in a similar chain elongation study using an upow anaerobic lter with the 
same process conditions (T = 30 °C, pH = 6.8, HRT = 17 h) and with the same 
inuent composition (synthetic medium containing propionate and ethanol) [26]. 
It is however possible that, if granulation occurred in their experiment, granules 
were destroyed by the peristaltic recirculation pump. It is therefore evident that, 
next to process conditions, also reactor conguration is a crucial aspect in sludge 
granulation. 
A second likely contributing factor for granulation was the presence of suspended 
solids in the form of precipitates from salts, which were present in the inuent. 
e attachment of cells to these salts that act as nucleation points is considered as 
the rst step in granulation [43]. e concentration of suspended solids must have 
been suciently low as too high concentrations of suspended solids would lead to 
slow growth of granules. On the other hand, spontaneous formation of nuclei by 
clusters of microorganisms cannot be excluded. is is because some methanogens 
(e.g. Methanosarcina spp.) are able to form nuclei by excreting EPS onto which 
other methanogens (e.g. Methanothrix spp.) with good adhering capacities can 
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attach [43]. EPS formation could indeed have played a role in granulation in the 
present experiment since these substances were also observed on the granules 
by SEM imaging as mentioned before. To what extent shear force and nucleation 
points did determine the actual granulation has to be investigated.
An important aid for granular sludge accumulation (i.e. sludge retention) in the 
present study was the presence of the vertical up-ow euent tube. is tube acted 
as an in-situ settler because it was placed inside the reactor conguration and the 
euent-ow direction (up) was opposite to the settling direction (down). As a 
result, heavier sludge particles were continuously selected on their settling ability 
whereas dispersed sludge was washed out. e average up-ow velocity from the 
reactor to the euent pump was ± 4.7 m·h-1. e settling velocity of the granules 
was higher (in the range of 4 – 36 m·h-1, Figure 2.2b) than the up-ow velocity in 
the euent tube (Figure S2.1). is shows that the granules accumulated due to 
the selection pressure of the vertical tubular settler. e resulting SRT (4.7 d) was 
a factor ~7 higher than the HRT (17 h) during steady state. 
Granular sludge-based chain elongation can be further optimised as a high rate 
biotechnological process. By increasing the up-ow velocity of the settler, a further 
pressure in out-selecting fast settling granules could be possible, which does 
allow a higher ow of feedstock. Earlier work showed that acidogenic hydrogen 
producing granules in an UASB produced caproate up to 7 g·L-1·d-1 from sucrose 
[39]. e seed sludge was derived from a full-scale UASB and contained suspended 
sludge with an average diameter of 100 – 150 µm, which grew rapidly aer 
inoculation. eir 3-year experiment showed the robustness at lab-scale; though 
the granules were not further examined on specic activity or stability. Additional 
batch tests also conrmed that granules from a methanogenic UASB reactor can 
be active in chain elongation up to 1.2 g caproate·L-1·d-1 (Own measurements, data 
not shown). is shows that granular chain elongation activity is warranted in 
UASB congurations as well as within our CSAR. By further optimising process 
conditions, further selection of fast settling granules, and better understanding 
of the granulation process the MCFA volumetric productivity and its process 
eciency can be improved. 
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2.4  Conclusions
is study demonstrated for the rst time the formation of granular chain 
elongation sludge. is discovery was made in a reactor producing caproate 
(10.8 g·L-1·d-1) and heptanoate (1.8 g·L-1·d-1) as main MCFAs. Granular sludge 
(1.41 g VSS·L-1) and suspended sludge (0.24 g VSS·L-1) showed equal product 
distributions and contributed similarly to MCFA production. Granules had 
irregular shapes, diameters up to ~1.5 mm, settling velocities of 4 to 36 m·h-1 
and contained micro-organisms with various shapes. Granules were persistently 
present for over 100 days of operation and were retained in the reactor due to the 
selection pressure of the in-situ settler. Granular sludge-based chain elongation 
can be further optimised as a high rate biotechnological process in UASBs and 
other granular sludge-based reactors. 
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Figure S2.1: Schematic drawing of the Continuously Stirred Anaerobic Reactor (CSAR). Vertical 
baes inside the reactor and the condenser are not shown.
Influent medium composition
e inuent medium consisted of 7.7 g·L-1 propionic acid (≥99.5 % Sigma Aldrich, 
USA), 11.5 or 23 g·L-1 ethanol (absolute, Merck, Germany), salts, yeast extract 
(Merck, Germany), vitamins and trace metals. ese compounds were dissolved 
in demi-water that was de-oxygenated with N2-gas. e concentrations of the 
salts were 0.15 g·L-1 KCl, 0.2 g·L-1 CaCl2·2H2O, 3.6 g·L-1 (NH4)H2PO4, 0.2 g·L-1 
MgSO4·7H2O, and 0.33 g·L-1 MgCl2·6H2O. e concentration of yeast extract was 
1.0 g·L-1. Vitamins and trace metals were applied using 1000x stock solutions and 
the nal medium concentrations were according to the design medium of Phillips 
et al [48]. e trace metal stock solution was modied by adding 6.2 g·L-1 EDTA 
to the stock solution and the pH was adjusted to 1.0 by adding 37 % HCl aer all 
trace metals were added. e nal pH of the media was adjusted to 6.8 by adding 
5M NaOH.
18043 Mark Roghair.indd   32 10-10-18   15:06
Granular Sludge Formation and Characterization in a Chain Elongation Process
33
Activity test
e role of the formed granules was studied in an activity test. A sludge sample 
was taken from the reactor and three sludge types (to be used as inoculum) were 
prepared in an anaerobic hood:
1. Granular sludge: Granules were allowed to settle in a 50mL falcon 
tube and were washed 3 times with activity test medium.
2. Suspended sludge: Aer the granules were settled, the supernatant 
(that didn’t contain visible granules) was taken. is fraction was 
considered as suspended biomass. 
3. No sludge: No sludge was added. is experiment was used as a 
negative control to verify whether the obtained inocula from the 
reactors were essential for chain elongation activity.
e VSS was determined of the washed granules and of suspended sludge. 
Batch asks (125 mL total volume) with 50 mL liquid (45 mL medium + 5 mL 
inoculum) were used for the activity tests. Although the nal VSS concentrations 
were dierent among granular and suspended sludge, the same inoculum volume 
(5 mL) was used to 1) ensure the same initial substrate concentrations and 2) to 
remain the same ratio of granular VSS and suspended VSS as was found in the 
reactor. e composition of the medium for the activity test was 5.5 g·L-1 ethanol, 
2.0 g·L-1 acetic acid and 3.7 g·L-1 propionic acid. Salts, vitamins, trace metals and 
yeast extract had the same concentrations as the inuent medium as described 
before. e pH of the medium was adjusted to 6.8 using 2M NaOH. e medium 
was ushed with N2-gas to make it completely anaerobic and ethanol was added 
aer that to avoid ethanol stripping.
Aer inoculation, the headspace was lled with 20 % CO2 and 80 % N2 until a 
pressure of 1.3 ± 0.1 bar was reached. ereaer, the bottles were incubated at 30 
°C at 100 rpm on a rotary shaker (Edmund Bühler, Germany). Liquid samples 
were analysed for ethanol and fatty acids (C2-C8) whereas gas samples from the 
headspace were analysed for CO2 and CH4.
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Specic activities of liquid products were calculated based on the highest rate during 
the batch test (i.e. the rst 42 hours). Specic activities for gaseous compounds (e.g. 
CO2 and CH4) were based on the whole period of the batch test (138 h) and on the 
initial and nal headspace composition. Rates divided by the measured VSS gave 
specic rates. Product distribution was based on net formed products at the end of 
the batch test. All activity experiments were carried out in triplicates.
Analytical procedures
Ethanol and fatty acids (C2-C8) were determined by gas chromatography (GC) 
[23]. For ethanol measurements, the temperature program started at 75 °C (6 
min), followed by a temperature ramp of 5 °C·min-1 until 130 °C and a subsequent 
temperature ramp of 49 °C·min-1 until 160 °C (8.5 min). e composition of the 
headspace gas (CH4 and CO2) was analysed by GC [49]. Volatile suspended solids 
(VSS) were calculated from the dierence in weight between a completely dried 
sample and an incinerated sample, divided by the sample volume. For VSS, 30 
mL sample volume was ltered through a Whatman GF/F lter (0.7 µm). Prior 
to ltration, the lters were pre-treated at 450 °C to oxidize any organic matter 
on the lter. Aer complete ltration, the reservoir was rinsed with demi water 
and this liquid was allowed to drain through the lter. e lter was then dried 
until constant weight at 105 °C and was subsequently incinerated at 550 °C until 
constant weight. 
Granule characterization
SEM imaging
Granules were pre-treated for scanning electron microscope (SEM) - imaging in 
several steps. First the granules were xated with 4  % (v/v) glutaraldehyde (30 
min) and subsequently with 4  % (v/v) osmium tetroxide (30 min). Aer every 
xation step the granules were rinsed with demi water (3 x 10 min). e xated 
granules were dehydrated in a series of acetone solutions (10, 30, 50, 70, 90 and 
100 % (v/v), 10 min each) from which 100 % was done twice. Aer dehydration, 
the granules were dried using critical point drying. e pre-treated granules were 
t on SEM sample holders by carbon adhesive tabs (EMS, Washington, USA) and 
were sputter-coated with 15 nm iridium. Samples were morphologically analyzed 
at 2 kV, 6.3 pA, and WD 4 mm at room temperature in a eld emission SEM 
(Magellan 400, FEI, Eindhoven, the Netherlands). Images were digitally recorded.
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Granule size distribution
Images of granules were captured with a Nikon SMZ-800 macroscope equipped 
with a Nikon DS-5M-L1 digital color camera system. Granule diameters were 
digitally measured using Eclipse Net soware (Nikon). is was done for 241 
granules.
Granule settling velocity distribution
Granule settling velocity was determined using a 1 L laboratory cylinder which 
was distance-marked over 30 cm. e time that each granule settled 30 cm was 
measured with a stopwatch. is was done for 237 granules.
Reactor performance
a)
b)
Figure S2.2: Production and consumption rates within the reactor. Rates are indicated in g·L-1·d-1 (a) 
and in g COD·L-1·d-1 (b). e ethanol-loading rate was doubled on day 68 to prevent ethanol depletion. 
Steady state intervals were day 84-97 and day 105-119. T = 30 °C, pH = 6.8, HRT = 17 h, V = 1 L.
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CHAPTER 3
Controlling Ethanol Use in Chain 
Elongation by CO2 Loading Rate
Abstract
Chain elongation is an open-culture biotechnological process which converts 
volatile fatty acids (VFAs) into medium chain fatty acids (MCFAs) using ethanol 
and other reduced substrates. e objective of this study was to investigate the 
quantitative eect of CO2 loading rate on ethanol usages in a chain elongation 
process. We supplied dierent rates of CO2 to a continuously stirred anaerobic 
reactor, fed with ethanol and propionate. Ethanol was used to upgrade ethanol 
itself into caproate and to upgrade the supplied VFA (propionate) into heptanoate. 
A high CO2 loading rate (2.5 LCO2·L-1·d-1) stimulated excessive ethanol oxidation 
(EEO; up to 29 %) which resulted in a high caproate production (10.8 g·L-1·d-1). 
A low CO2 loading rate (0.5 LCO2·L-1·d-1) reduced EEO (16  %) and caproate 
production (2.9 g·L-1·d-1). Heptanoate production by VFA upgrading remained 
constant (~1.8 g·L-1·d-1) at CO2 loading rates higher than or equal to 1 LCO2·L-1·d-1. 
CO2 was likely essential for growth of chain elongating microorganisms while it 
also stimulated syntrophic ethanol oxidation. A high CO2 loading rate must be 
selected to upgrade ethanol (e.g. from lignocellulosic bioethanol) into MCFAs 
whereas lower CO2 loading rates must be selected to upgrade VFAs (e.g. from 
acidied organic residues) into MCFAs while minimizing use of costly ethanol. 
Published as: Roghair M, Hoogstad T, Strik DPBTB, Plugge CM, Timmers PHA, Weusthuis RA, 
Bruins ME, Buisman CJN: Controlling ethanol use in chain elongation by CO2 loading rate. Environ 
Sci Technol 2018, 52:1496-1505.
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3.1 Introduction
Medium chain fatty acids (MCFAs) are straight-chain mono-carboxylic acids with 
6 to 10 carbon atoms. ese molecules can serve as precursors for production 
of fuels and other chemicals [14]. Conventional methods to produce MCFAs use 
vegetable oils (palm kernel oil, coconut oil and castor oil) from oil seed crops 
[50] [51]. Growing these crops for production of fuels and chemicals, however, 
competes with human food production (i.e. arable land) and is associated with 
loss of water resources and biodiversity [4] [5]. Organic residues from agriculture 
or food industry are interesting alternative feedstocks for the production of 
MCFAs because they are renewable, abundantly available and their application 
does not compete with human food production. In addition, these residues must 
oen be treated to prevent environmental pollution. An emerging open-culture 
biotechnological process that facilitates valorization of organic residues into 
MCFAs is chain elongation. Chain elongation is a secondary fermentation process 
within the carboxylate platform [14]. It is known to ferment volatile fatty acids 
(VFAs; acetate, propionate and butyrate) as electron acceptor together with 
ethanol as electron donor into MCFAs through the reverse β-oxidation pathway. 
In this pathway, 1 mole of ethanol is anaerobically oxidized into acetate for every 
5 chain elongation reactions, yielding one ATP via substrate level phosphorylation 
(Eq 3.1 and Table S3.1). 
Reverse β-oxidation pathway:
    (Eq 3.1)
Chain elongation has been demonstrated with synthetic medium [23] [24] [25] 
[26], with organic residues such as acidied garden- and kitchen waste [28], 
acidied organic fraction of municipal solid waste [27] and with undistilled 
fermentation broth from the bioethanol industry [19] [29]. 
VFAs for chain elongation can be obtained by hydrolysis and acidication (primary 
fermentation) of organic residues, making them inexpensive substrates. Although 
electron donors such as methanol [33] or lactate [20] have been successfully used, 
ethanol is the preferred electron donor for high-rate chain elongation [18]. Ethanol 
can be introduced in three ways: 1) it can be present within the feedstock itself, 2) 
it can be produced in situ from the feedstock (e.g. by fermentation of sugars) or 3) 
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it can be procured o site and added to the chain elongation reactor [18]. Ethanol, 
however, is a costly substrate. Knowledge on the mechanisms of the use of ethanol 
is therefore essential to establish an ethanol-ecient chain elongation process.
In a chain elongation process, ethanol is primarily used by chain elongating 
microorganisms (e.g. Clostridium kluyveri [23] [52]) through the reverse 
β-oxidation pathway. Since we use an open culture process, however, typically 
several competing biochemical processes occur as a result of consumption of 
supplied substrates or produced intermediates. For example, increased ethanol 
oxidation to acetate at a ratio dierent from the 5:1 ratio has also been observed 
in chain elongation cultures [27]. is is caused by direct oxidation of ethanol and 
is also known as excessive ethanol oxidation (EEO; Eq 3.2 and Table S3.1). EEO 
is considered to be performed by ethanol-oxidizing microorganisms which do 
not perform chain elongation, but these microorganisms have not been identied 
yet. Although it could be possible that EEO is performed by chain elongating 
microorganisms through a more exible 5:1 ratio in the reverse β-oxidation 
pathway, we assume in this study that this ratio does not change and that EEO is 
performed through direct oxidation of ethanol. Another process that proceeds in 
chain elongation cultures is hydrogenotrophic methanogenesis (Eq 3.3 and Table 
S3.1). is process does not consume VFAs, ethanol or MCFAs directly [19] [27] 
but it consumes a part of the produced components within the open culture. 
Excessive ethanol oxidation (EEO):
  (Eq 3.2)
Hydrogenotrophic methanogenesis:
  (Eq 3.3)
Ethanol use in chain elongation is not straightforward because ethanol is not only 
used to elongate (i.e. upgrade) VFAs into MCFAs but also because it can be used 
to upgrade ethanol itself into MCFAs. To identify the dierent uses of ethanol, we 
distinguish two types of carbon uxes which lead to the production of MCFAs: 
VFA upgrading (Eq 2a and 2b, Table S3.1) and ethanol upgrading (Eq 1a-1e, Table 
S3.1). VFA upgrading is chain elongation of VFAs (through the reverse β-oxidation 
pathway) which are derived from primary fermentation and which are not derived 
from in situ ethanol oxidation into acetate. Ethanol upgrading is a combination 
18043 Mark Roghair.indd   39 10-10-18   15:06
Chapter 3
40
of 1) in situ ethanol oxidation into acetate (through both EEO and the reverse 
β-oxidation pathway) and 2) subsequent chain elongation of this in situ produced 
acetate into even-numbered fatty acids (through the reverse β-oxidation pathway). 
Both VFA upgrading and ethanol upgrading are not self-contained biochemical 
processes or pathways. Rather, whereas VFA upgrading is a result from only a 
part of the reverse β-oxidation pathway, ethanol upgrading is a result from a 
combination of in situ ethanol oxidation and the reverse β-oxidation pathway. 
Because EEO, ethanol upgrading and VFA upgrading are simultaneous and 
intertwined uxes, previous studies could not quantify via which route MCFAs 
were produced (e.g. [25] [27]). As such, it was not determined how much ethanol 
was eectively used for MCFA production. 
CO2 aects both chain elongating microorganisms and ethanol oxidizers. 
e well described chain elongating bacterium C. kluyveri requires CO2 for 
anabolic reactions [40]. CO2 has also been shown to inuence EEO. When the 
CO2 concentration is suciently low, hydrogenotrophic methanogenic activity 
is suppressed, and the resulting higher hydrogen concentration inhibits EEO 
[27] [29]. Because CO2 inuences EEO and because the resulting acetate could 
stimulate the carbon ux of ethanol upgrading, CO2 loading rate may be an 
important control parameter in the conversion of an ethanol-rich feedstock into 
MCFAs through ethanol upgrading. To date, there are no studies that describe 
the eect of CO2 on chain elongation while specically distinguishing ethanol 
upgrading and VFA upgrading. In addition, the concurring archaeal community 
involved in methane formation has not been characterized.
e objective of this study was to investigate the quantitative eect of CO2 loading 
rate on ethanol use in a chain elongation process. Ethanol upgrading and VFA 
upgrading were studied by supplying dierent loading rates of gaseous CO2 to 
a continuously stirred anaerobic reactor with granular and suspended chain 
elongation sludge [53]. By using propionate as VFA instead of acetate, a distinction 
between the carbon ux of ethanol upgrading (represented by even-numbered 
fatty acids) and the carbon ux of VFA upgrading (represented by odd-numbered 
fatty acids) was conceived. In addition, the microbial community was analyzed to 
compare the microbial communities at dierent CO2 loading rates.
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3.2  Materials and methods
3.2.1  Experimental set-up, procedure and analysis
is study used a continuously stirred anaerobic reactor as described by Roghair 
et al. (2016) [53]. In short, a continuous reactor (Volume 1 L) with granular 
and suspended chain elongation sludge was operated at 30 °C, 1 atm, pH 6.8 
(by addition of 2M NaOH), stirred at 100 rpm with a hydraulic retention time 
(HRT) of 17 h. Gaseous CO2 was supplied with a mass-ow controller (Brooks 
Instruments 5850S, the Netherlands). e reactor was continuously fed with a 
synthetic medium that contained propionate (10.9 g·L-1·d-1) and ethanol. During 
the study, dierent CO2 loading rates were applied: 2.5 LCO2·L-1·d-1 (day 0 to 124), 1 
LCO2·L-1·d-1 (day 124 to 187), 0.5 LCO2·L-1·d-1 (day 187 to 211), 0 LCO2·L-1·d-1 (day 211 
to 224) and again 1 LCO2·L-1·d-1 (day 224 to 240). e rst 119 days of the reactor 
operation has been presented in a previous study [53]. Steady state data of this 
previous study (2.5 LCO2·L-1·d-1) is presented here again to place it in the context of 
steady state intervals from this study.
Ethanol loading rates were 16.3 g·L-1·d-1 (at 1, 0.5 and 0 LCO2·L-1·d-1) and 32.5 
g·L-1·d-1 (at 2.5 LCO2·L-1·d-1). e ethanol loading rate at 1.0, 0.5, and 0 LCO2·L-1·d-1 
was twice as low as compared to the initial CO2 loading rate (2.5 LCO2·L-1·d-1). 
is was performed to prevent ethanol toxicity because with lower CO2 loading 
rates, ethanol consumption rates decreased, resulting in increased ethanol 
concentrations. Ethanol concentrations during selected steady state intervals were 
in a range in which chain elongation is known to occur and were between 0.7 
± 0.5 g·L-1 (1 LCO2·L-1·d-1) and 8.7 ± 0.7 g·L-1 (no CO2 loading rate). e reactor 
was in steady state when net production and consumption rates of fatty acids and 
ethanol were similar (maximum relative standard deviation of 20 %) over a period 
of at least 5 days (7 HRTs). Caprylate was excluded from this criterion because 
this compound was produced in insignicant amounts. Results that we present 
and discuss are based on steady states unless mentioned otherwise. Standard 
deviations are based on at least four measurements.
Analytical procedures for fatty acids (C2-C8), alcohols (C2-C3) and for 
determination of the headspace composition (CO2 and CH4) were the same as 
described previously [53]. Propanol was measured on the same column as ethanol 
although this was not formerly mentioned. In addition, hydrogen in the headspace 
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was determined by GC [54]. Liquid samples were taken from the reactor content 
3-5 times per week whereas gas samples from the headspace were taken once per 
week. 
Samples for microbial community analysis were taken on day 1, 2 and 3 (pooled 
together; initial bacterial community), day 110 (2.5 LCO2·L-1·d-1), day 219, 222 
and 224 (pooled together; 0 LCO2·L-1·d-1) and on day 238 (1 LCO2·L-1·d-1). ese 
samples were divided into granular and suspended sludge fractions by allowing 
granules to settle. Aer separation, suspended sludge fractions eventually did 
not contain visible granules and granular sludge fractions were washed 3 times 
with 1x phosphate-buered saline to remove residual suspended sludge. Bacterial 
community analysis was performed on all samples using high-throughput 16S 
rRNA gene sequencing. Archaeal community analysis was performed on one 
sample, suspended sludge at 2.5 LCO2·L-1·d-1, by using 16S rRNA gene cloning. 
is sample was selected based on the highest methane production rate in the 
operational period. Details on the materials and methods for microbial community 
analysis (DNA extraction, bacterial community analysis and archaeal community 
analysis) are reported in the supporting information.
3.2.2   Calculations on carbon fluxes for carbon flux analysis
Calculations on carbon uxes are shown in Table S3.2. ese calculations are 
based on net production and consumption rates (under steady state conditions) 
and on the stoichiometric equations in Table S3.1. Total ethanol use was divided 
into 1) excessive ethanol oxidation, 2) ethanol oxidation through the reverse 
β-oxidation pathway and 3) ethanol use for elongation of fatty acids through 
the reverse β-oxidation pathway. Total CO2 use was divided into 1) CO2 use by 
hydrogenotrophic methanogenesis and 2) unidentied CO2 use (i.e. biomass).
Carbon selectivity is based on product formed divided by total substrates 
consumed.
3.2.3 Calculations on change in Gibbs free energy for thermodynamic 
analysis
ermodynamic calculations were performed as described by Kleerebezem et 
al. (2010) using their provided ∆Gf0 and ∆Hf0 values for individual components 
[55]. Temperature corrections to 30 °C were made using the Gibbs-Helmholtz 
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equation.  ermodynamic limits for hydrogen partial pressures (pH2) of EEO 
and the reverse β-oxidation pathway were determined in the same way as was 
performed by Ge et al. (2015) [56]. 
3.3  Results
3.3.1   Bioreactor performance at diff erent CO
2
 loading rates 
CO2 loading rate was shown to be an e ective control parameter in chain 
elongation. CO2 was essential for caproate, heptanoate and caprylate (MCFA) 
production and it especially stimulated ethanol upgrading to caproate. Caprylate 
production was insigni cant and hence the e ect of CO2 on caprylate production 
was not shown in this study. A graphical summary of the e ect of CO2 loading rate 
on reactor performance can be seen in Figure 3.1 (rate in g·L-1·d-1) and Figure S3.1 
(rate in mmol C·L-1·d-1). Mean steady state values of reactor concentrations, rates 
and carbon selectivity values can be seen in Table S3.3-S3.7. 
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Figure 3.1: Graphical summary of the e ect of CO2 loading rate on reactor performance with net 
production and consumption rates over time. At the red stars, samples for bacterial community 
analysis were taken. At the green star, a sample for archaeal community analysis was taken. T = 30 °C, 
pH = 6.8, HRT = 17 h, V = 1 L.
 e reactor was started with a high CO2 loading rate (2.5 LCO2·L-1·d-1).  rough 
the  rst stage, the reactor did not reach a steady state. Yet, it was noticed that 
ethanol became depleted which likely limited MCFA production rates.  e 
ethanol loading rate, therefore, was increased on day 68 from 16.3 to 32.5 g·L-1·d-1. 
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ereaer, a steady state of 27 days was observed as was presented previously [53]. 
Here, caproate was produced at 10.8 ± 0.5 g·L-1·d-1 at a concentration of 7.4 ± 0.2 
g·L-1 while heptanoate was produced at 1.8 ± 0.1 g·L-1·d-1 at a concentration of 
1.2 ± 0.1 g·L-1. Caproate must have been produced by ethanol upgrading because 
other even-numbered fatty acids (acetate or butyrate) were not fed to the reactor. 
Heptanoate must have been produced by VFA upgrading starting with propionate 
because 1) propionate was the only VFA that was fed to the reactor and 2) chain 
elongation of propionate results in production of heptanoate [26].
On day 124, we decreased the CO2 loading rate from 2.5 to 1 LCO2·L-1·d-1 aer which 
a steady state of 8 days was observed (steady state characteristics are not shown). 
Here, caproate was produced at a ~two times lower rate (5.3 ± 0.3 g·L-1·d-1) while 
heptanoate was produced at a slightly lower rate (1.4 ± 0.2 g·L-1·d-1) compared to 
the steady state at 2.5 LCO2·L-1·d-1. Because ethanol was consumed at a lower rate, its 
concentration increased from 3.7 ± 1.4 g·L-1 to 11.6 ± 0.8 g·L-1. To prevent potential 
ethanol toxicity (e.g. [57]), we decreased the ethanol loading rate from 32.5 to 
16.3 g·L-1·d-1 on day 134. ereaer, a steady state was observed of 40 d in which 
caproate (4.6 ± 0.6 g·L-1·d-1) and heptanoate (1.7 ± 0.3 g·L-1·d-1) were produced 
at similar rates as before the decrease in ethanol loading rate. is shows that a 
change in ethanol loading rate and concentration does not substantially inuence 
reactor performance as long as ethanol is not depleted.
On day 187, the CO2 loading rate was further decreased from 1 to 0.5 LCO2·L-1·d-1 aer 
which we observed another steady state of 13 days. Here, caproate was produced 
at a 73 % lower rate (2.9 ± 0.2 g·L-1·d-1) while heptanoate was produced at a 35 % 
lower rate (1.2 ± 0.2 g·L-1·d-1) compared to the steady state at 2.5 LCO2·L-1·d-1. On day 
211, we cut o the CO2 supply (0 LCO2·L-1·d-1). From then on, the microbiome failed 
in eective chain elongation as we noticed low and decreasing MCFA production 
rates (< 0.5 g·L-1·d-1). Because rates kept on decreasing the reactor did not reach a 
steady state. To prevent a total collapse, the CO2 loading rate was increased from 
0 to 1 LCO2·L-1·d-1 on day 224. is resulted in a revival of the microbiome as we 
observed, later on, similar steady state rates as before with the same CO2 loading 
rate. A summary on net production and consumption rates of fatty acids and 
ethanol at dierent CO2 loading rates in shown in Figure 3.2a. An overview and 
characteristics of the steady states is shown in Table 3.1.
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Figure 3.2: a) Net production and consumption rates of fatty acids and ethanol at dierent CO2 loading 
rates (bars indicate standard deviations but are oen too small to be visual), b) carbon ux of EEO, 
caproate production and methane production at dierent CO2 loading rates, c) rate of methane vs EEO. 
Presented values at 0 LCO2·L-1·d-1 are not steady state values but averages. Regression line = —
3.3.2   Excessive ethanol oxidation and the fate of propionate 
e highest rate of EEO was observed when the CO2 loading rate was 2.5 LCO2·L-1·d-1 
(7.5 g·L-1·d-1; Table 3.1). EEO (1.7 g·L-1·d-1) could be reduced with 77 % when the 
CO2 loading rate was decreased to 0.5 LCO2·L-1·d-1 but was still observed when CO2 
was not supplied. A part of the acetate produced by EEO was used as electron 
acceptor for ethanol upgrading. In the period with the highest rate of ethanol 
upgrading (2.5 LCO2·L-1·d-1), this acetate consumption for ethanol upgrading was 
7.9 g·L-1·d-1. Because the reverse β-oxidation pathway could maximally produce 
4 g·L-1·d-1 (51 %), the remaining 49 % acetate that served as electron acceptor for 
ethanol upgrading must have been produced by EEO. Ethanol upgrading was 
therefore found to be clearly mediated by EEO.
Propanol production (0.5 – 1.2 g·L-1·d-1) was observed throughout the entire study 
and was likely formed by reduction of propionate with hydrogen. Propanol can 
still be used as electron donor for chain elongation of acetate if not for propionate 
elongation. Because all consumed propionate was used for propanol production 
and chain elongation to heptanoate and valerate (with a carbon closure of 95 – 
102 %) it is unlikely that propanol served as electron donor for MCFA production 
or that propionate was oxidized into acetate. As such, the carbon ux of ethanol 
upgrading and VFA upgrading were not complicated by propanol elongation or 
propionate oxidation. 
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3.3.3 Microbial community: abundance of Clostridiales and 
Methanobrevibacter acididurans
e bacterial community was analyzed using high throughput 16S rRNA amplicon 
sequencing to identify changes at dierent CO2 loading rates in the chain 
elongation process. is was performed for both the granular and suspended 
sludge fraction. e Clostridiales order consistently dominated the bacterial 
community irrespective of CO2 loading rate or sludge type (Figure 3.3 and Figure 
S3.3). Clostridiales had the highest relative abundance in all reactor samples (53 – 
77 %), followed by Bacteroidales (3 – 18 %) and Erysipelotrichales (1 – 12 %). Most 
Clostridiales were identied as members of the Clostridiaceae family. Dominance 
of Clostridiaceae, with C. kluyveri as well-known member and model species for 
chain elongation, has been frequently observed [23] [52]. 
CO2 loading rate [LCO2∙L-1∙d-1]→
Order↓ IBC Granular Suspended Granular Suspended Granular Suspended
Bacteroidales 20 11 10 3 18 8 8
Bacillales 3 0 0 0 1 0 0
Lactobacillales 11 1 7 1 9 2 5
Clostridiales 62 71 71 75 53 64 77
Erysipelotrichales 0 12 7 8 4 12 1
Selenomonadales 0 2 1 10 4 11 5
Burkholderiales 1 0 1 0 6 0 1
Desulfovibrionales 1 3 2 3 4 2 2
Other 1 0 0 1 2 1 1
High [2.5] Medium [1.0] None [0.0]
Figure 3.3: Heatmap of bacterial community at dierent CO2 loading rates in granular and suspended 
sludge. Numbers indicate percentage relative abundance. “Other” are specied in Figure S3.3. e 
ethanol loading rate at 2.5 LCO2·L-1·d-1 was 32.2 g·L-1·d-1 whereas the ethanol loading rate at 1.0 and 0.0 
LCO2·L-1·d-1 was 16.3 g·L-1·d-1. IBC = initial bacterial community.
Minor changes in the bacterial community were observed during the operational 
period which do not seem to link with the CO2 loading rate. An increase in relative 
abundance (compared to the initial bacterial community) was observed for several 
operational taxonomic units. Erysipelotrichales and Selenomonadales increased in 
relative abundance as compared to the initial bacterial community, especially in 
the granular sludge fraction. Desulfovibrionales increased in relative abundance 
as compared to the initial bacterial community in both granular and suspended 
sludge fractions.
e archaeal  community in suspended sludge at 2.5 LCO2·L-1·d-1 was analyzed 
by 16S rRNA gene cloning and Sanger sequencing. 95 out of 96 clones showed 
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highest identity with Methanobrevibacter acididurans (97-99 % sequence identity; 
Table S3.8). is means that we have specically identied a hydrogenotrophic 
methanogen in a chain elongation process whereas no acetotrophic methanogens 
were detected.
3.4  Discussion
3.4.1  Ethanol upgrading: CO
2
 stimulates excessive ethanol oxidation and 
caproate production
In our study, we identied three dominant biochemical processes that convert the 
supplied substrates and/or produced intermediates: 1) chain elongation (through 
the reverse β-oxidation pathway; Eq 3.1) [21], 2) excessive ethanol oxidation (EEO; 
Eq 3.2) [27], and 3) hydrogenotrophic methanogenesis (Eq 3.3) [19] [27]. ey 
were identied based on processes that are known to occur in chain elongation 
reactors and on a stoichiometric carbon ux analysis of our results. Acetotrophic 
methanogenesis was not identied in this carbon ux analysis. is was conrmed 
by our archaeal community analysis in which no acetotrophic methanogens were 
detected. We consider that each process is performed by a corresponding functional 
group of microorganisms; chain elongation is performed by chain elongating 
microorganisms, EEO is performed by ethanol oxidizers and methanogenesis by 
hydrogenotrophic methanogens.
A Sankey diagram was made to illustrate the role of the three functional groups 
in the carbon uxes at high (2.5 LCO2·L-1·d-1) and at low (0.5 LCO2·L-1·d-1) CO2 
loading rate (Figure 3.4). Although ethanol loading rates were also dierent at 
these selected CO2 loading rates, the resulting mean ethanol concentrations were 
similar (81.3 mmol·L-1 at 2.5 LCO2·L-1·d-1 and 70.1 mmol·L-1 at 0.5 LCO2·L-1·d-1), 
which makes these conditions comparable. Ethanol upgrading (orange arrows) 
was mediated by ethanol oxidizers and chain elongating microorganism because 
both EEO and chain elongation (of even-numbered fatty acids) attributed 
to this carbon ux. VFA upgrading (purple arrows) was mediated by chain 
elongating microorganisms because only chain elongation (of odd-numbered 
fatty acids) attributed to this carbon ux. Methane production was performed by 
hydrogenotrophic methanogens which presumably operated in syntrophy with 
ethanol oxidizers (see also explanation on the microbial analysis below). 
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Figure 3.4: Sankey diagram with observed and calculated carbon uxes at high (2.5 LCO2·L-1·d-1) and 
low (0.5 LCO2·L-1·d-1) CO2 loading rate. Widths of arrows are proportional to carbon uxes. ree 
functional groups of microorganisms (hydrogenotrophic methanogens, ethanol oxidizers and chain 
elongating microorganisms) are indicated as green shapes.
I) Total CO2 use, I a) CO2 use by methanogens, I b) unidentied CO2 use (i.e. biomass), II) total 
ethanol use, II a) excessive ethanol oxidation (EEO), II b) ethanol oxidation through the reverse 
β-oxidation pathway, II c) ethanol use for elongation of fatty acids through the reverse β-oxidation 
pathway (even), II d) ethanol use for elongation of fatty acids through the reverse β-oxidation pathway 
(odd), III) propionate use for VFA upgrading, IV) (interspecies) hydrogen transfer, V) acetate use for 
ethanol upgrading, VI) methane production, VII) hydrogen production, VIII) unidentied acetate 
use (i.e. biomass), IX) acetate production, X) butyrate, caproate and caprylate production by ethanol 
upgrading, XI) valerate and heptanoate production by VFA upgrading.
Calculations on carbon uxes and numerical values are shown in Table S3.2.
e determined carbon ux analysis provided a linear eect of CO2 loading rate 
on caproate production, EEO and on methane production (Figure 3.2a and 3.2b). 
is shows that these processes were collectively controlled by the CO2 loading 
rate in the tested range. is can be explained as follows: CO2 was the limiting 
substrate for hydrogenotrophic methanogenic activity because higher CO2 loading 
rates resulted in higher rates of CO2 consumption and higher rates of methane 
production (Table S3.3-S3.6). A high CO2 loading rate, therefore, stimulated 
hydrogenotrophic methanogens which, in turn, provided favorable conditions for 
ethanol oxidizers by lowering the hydrogen partial pressure (pH2). is explanation 
is in line with our results because a lower CO2 loading rate did lead to a higher pH2 
(Table 3.1). Because of the lower pH2 at a high CO2 loading rate, more ethanol 
was oxidized by EEO and thus more acetate was available as electron acceptor 
for chain elongation into even-numbered fatty acids (i.e. ethanol upgrading). e 
concentration of acetate was thus limiting caproate production. Vice versa, a low 
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CO2 loading rate limited hydrogenotrophic methanogenic activity which resulted 
in an increased pH2. is increased pH2 made EEO thermodynamically less 
favorable and this resulted into less available acetate for caproate production. Next 
to acetate, chain elongating microorganisms were possibly also directly limited by 
CO2 (Section 3.4.3). Although the eect of CO2 on EEO has been shown previously 
[27] [29], this study demonstrates the eect of CO2 on ethanol upgrading in a 
chain elongation process. 
e thermodynamic analysis provided the change in Gibbs free energy of various 
processes at dierent CO2 loading rates under actual bioreactor conditions 
(Figure S3.2). is analysis gives further insights on the determined carbon 
uxes. EEO was thermodynamically feasible at 0.5, 1 and 2.5 LCO2·L-1·d-1 (ΔGr’ 
< -20 kJ·reaction-1) but was thermodynamically inhibited at 0 LCO2·L-1·d-1 (ΔGr’ 
> -20 kJ·reaction-1). is was due to the pH2, which was at least 200 times lower 
when CO2 was supplied (0.5, 1 and 2.5 LCO2·L-1·d-1) compared to when CO2 was 
not supplied (0 LCO2·L-1·d-1; Table 3.1). EEO (0.4 g·L-1·d-1), however, was still 
observed at 0 LCO2·L-1·d-1. is reaction could have been enabled at aberrant local 
conditions (i.e. lower pH2); for example, inside a granule by hydrogenotrophic 
methanogens [59]. is process could also have been executed by chain elongating 
micro-organisms through a more exible reverse β-oxidation pathway. However, 
as mentioned before, we assume that the reverse β-oxidation pathway is not 
exible and that EEO is executed by ethanol oxidizers which do not perform chain 
elongation. e reverse β-oxidation pathway (ethanol oxidation coupled to 5 x 
propionate elongation) was thermodynamically feasible at all applied CO2 loading 
rates (ΔGr’ < -20 kJ·reaction-1). Other reverse β-oxidation reactions (ethanol 
oxidation coupled to 5 x acetate, butyrate or valerate elongation) were also feasible 
since their thermodynamic values were in the same order of magnitude (data not 
shown). We calculated that the reverse β-oxidation pathway is still feasible even 
when the pH2 is extremely high (1000 bar). is shows that the reverse β-oxidation 
pathway is thermodynamically not hindered by the CO2 loading rate and by its 
corresponding pH2. 
We also used the thermodynamic analysis to conrm whether the in situ produced 
acetate was a result of ethanol oxidation and not from other processes such as 
propionate oxidation (Eq 5, Table S3.1) or homoacetogenesis (Eq 6, Table S3.1). 
Our calculations show that both of these processes were thermodynamically 
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inhibited when CO2 was supplied (ΔGr’ > -20 kJ·reaction-1). True, these processes 
could still have occurred at aberrant local conditions. However, even if they 
occurred, it would have been at negligibly low rates. Propionate oxidation could 
be neglected because, as mentioned before, propionate was primarily used for 
production of propanol, valerate and heptanoate. Also based on stoichiometrics, 
homoacetogenesis could be neglected because the unidentied CO2 use (that 
could have contributed to homoacetogenesis) was at most 33 mmol C ·L-1·d-1; only 
~2 % of the total carbon ux. Even this value, though, is overestimated because 
a part of the unidentied CO2 use was likely used for growth of chain elongating 
microorganisms (Section 3.4.3). 
Grootscholten et al. (2013) also reported increased caproate production rates in 
a chain elongation process aer increasing the CO2 concentration by doubling 
the amount of K2CO3 in the inuent from 4 to 8 g·L-1 [25]. Although they did 
not attribute this observation specically to ethanol upgrading, increased caproate 
production was likely a result of this carbon ux. However, because acetate was also 
present in their inuent medium, increased caproate production could (partly) 
also have been the result of chain elongation of fed acetate (i.e. VFA upgrading). In 
a later stage of their fermentation study they applied gaseous CO2 (4.8 LCO2·L-1·d-1), 
but that did not result in improved caproate production rates, implying that 
ethanol upgrading was not limited by CO2 anymore. Eventually, they concluded 
that their system was limited by (one of the components in) yeast extract. is 
shows that high-rate ethanol upgrading only proceeds when sucient growth 
factors and nutrients are available.
Both EEO and hydrogenotrophic methanogenesis increased with increasing CO2 
loading rate (Figure 3.2b). e rates of these processes are plotted against each 
other in Figure 3.2c. e slope of the plot shows that for every mole of ethanol 
oxidized by EEO, 0.45 mole of methane is produced. is value is close to the 
stoichiometric ratio of 0.5 mole methane produced per mole ethanol oxidized in 
syntrophic ethanol oxidation (Table S3.1), indicating that EEO is a result of the 
identied syntrophic process. 
Electrons (in the form of hydrogen) that did not end up as methane were likely used 
to reduce propionate into propanol (up to 20 mmol·L-1·d-1) or le the reactor as 
hydrogen in exhaust gas (up to 1.1 mmol·L-1·d-1). In syntrophic ethanol oxidation, 
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EEO and hydrogenotrophic methanogenesis are interdependent: an ethanol 
oxidizer needs a hydrogenotrophic methanogen that keeps the pH2 suciently low 
(<14 % at standard conditions for < 0 kJ·reaction-1) to proceed EEO whereas 
a hydrogenotrophic methanogen cannot survive without a hydrogen producer 
[60]. Electrons can be transferred from an ethanol oxidizer to a hydrogenotrophic 
methanogen via interspecies hydrogen or formate transfer [61]. Ethanol oxidizers 
and hydrogenotrophic methanogens are not the only potential syntrophic partners 
because chain elongating microorganisms also oxidize ethanol and produce 
hydrogen (Eq 3.1). Chain elongating microorganisms, however, can theoretically 
oxidize ethanol at a much higher pH2 compared to ethanol oxidizers (as discussed 
before) which makes the reverse β-oxidation pathway, from a thermodynamic 
perspective, independent of a hydrogen consuming syntrophic process. 
In our microbial community analysis, we observed that all detected OTUs that 
belonged to the Desulfovibrionales order belonged to the sulfate-reducing genus 
Desulfovibrio. Desulfovibrio vulgaris can shi its lifestyle from sulfate reducer 
to ethanol oxidizer in the absence of sulfate [62]. It is therefore likely that 
D. vulgaris (EEO) performed syntrophic ethanol oxidation with the identied 
hydrogenotrophic methanogen M. acididurans. M. acididurans is an acid-tolerant 
hydrogenotrophic methanogen that can be active at pH 5 - 7 [63]. Presence of 
acid-tolerant methanogens such as M. acididurans explains methanogenic activity 
in reactors with high concentrations of fatty acids such as sour digesters or, in this 
case, chain elongation reactors.
Syntrophic ethanol oxidation could be related to the formation of granular 
sludge, which was observed in the rst period of the reactor run [53]. ese 
granules were persistently present in the reactor up to the end of the study at 
day 240. Syntrophic co-cultures of an ethanol oxidizer and a hydrogenotrophic 
methanogen, have previously been shown to co-aggregate [64], indicating that 
such syntrophic partnerships may have contributed to granulation in our study. 
Syntrophic consortia benet from granulation because intermicrobial distances 
are short which leads to an ecient interspecies hydrogen transfer [65]. Based on 
the activity test in our previous study, we calculated that EEO in granular sludge 
(25.2 ± 1.5 % of total ethanol use) was similar compared to suspended sludge (19.3 
± 3.6 %). is shows that both sludge types can be used for ethanol upgrading.
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3.4.2   VFA upgrading: CO
2
 stimulates heptanoate production up to 1 L
CO2
·L-1·d-1
Heptanoate production by VFA upgrading remained constant (~1.8 g·L-1·d-1) at 
CO2 loading rates higher than or equal to 1 LCO2·L-1·d-1 (Figure 3.2a). Caproate 
production by ethanol upgrading, however, was always faster and proportional to 
the CO2 loading rate in the tested range (0 – 2.5 LCO2·L-1·d-1). is observation can be 
explained by assuming that propionate (electron acceptor for VFA upgrading) and 
acetate (electron acceptor for ethanol upgrading) compete for the same enzyme 
system (in chain elongating microorganisms) which could have a higher anity 
for acetate. is explanation is supported by our results which show that the rate of 
ethanol upgrading (butyrate + caproate + caprylate; 131.9 mmol·L-1·d-1) was 44 % 
higher than the rate of VFA upgrading (valerate + heptanoate; 91.7 mmol·L-1·d-1) 
while acetate and propionate had similar concentrations (~30 mmol·L-1; at 2.5 
LCO2·L-1·d-1). e role of electron acceptors on ethanol upgrading and VFA upgrading 
could be further elucidated by for instance substituting acetate or butyrate with 
propionate in a similar experiment. Because of the higher apparent anity for 
acetate and because acetate is always produced via the reverse β-oxidation pathway, 
it is a challenge to achieve a high selectivity for odd numbered fatty acids in chain 
elongation. is study, however, shows that selectivity for odd numbered fatty 
acids can be increased to some extent by limiting ethanol upgrading: Combined 
selectivity for valerate and heptanoate at 2.5 LCO2·L-1·d-1 was 31 % (Table S3.3) and 
could be increased up to 56 % by lowering the CO2 loading rate to 0.5 LCO2·L-1·d-1 
(Table S3.5). is shows that the odd-even product ratio in chain elongation can 
be controlled by limiting syntrophic ethanol oxidation via CO2 loading rate. So 
far, continuous odd-numbered fatty acid production by chain elongation was also 
studied by Grootscholten et al. (2013) [26]. eir maximum selectivity for valerate 
and heptanoate was similar (57 %). To what extent selectivity for odd numbered 
fatty acids can be further increased remains open for future investigation.
3.4.3   CO2 is essential for both ethanol upgrading and VFA upgrading 
Low and decreasing rates of ethanol upgrading and VFA upgrading were observed 
when CO2 was not supplied to the reactor (day 211 to 224). is shows that chain 
elongation cannot be established as a high rate process without a source of CO2. 
Grootscholten et al. (2014) already mentioned that chain elongation without CO2 
may not be possible [27], although experimental data on complete elimination of 
(a source of) CO2 has not been shown to date. 
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An evident explanation why chain elongation could not be established without 
CO2, is that CO2 is used in anabolic reactions (protein synthesis for growth) by 
the key chain elongating bacterium C. kluyveri. C. kluyveri, requires both CO2 
and acetate for growth [40]. Growth of C. kluyveri was shown to be proportional 
to the CO2 uptake and the dissolved CO2 concentration up to ~3 mmol·L-1 [40]. 
is concentration is more than twice as high as compared to the highest observed 
CO2 concentration in this study (Table 3.1), which could imply that growth of 
such chain elongating microorganisms (and thus chain elongation-activity) may 
have been limited by CO2 availability during the entire study. Although presence 
of C. kluyveri could not be conrmed to species level in the bacterial community, 
it is evident from our results that CO2 is essential for MCFA production by both 
ethanol upgrading and VFA upgrading.
At 0 LCO2·L-1·d-1, hydrogenotrophic methanogenic activity was almost entirely 
suppressed and this resulted in a buildup of hydrogen until 41.6 % (Table 3.1). 
Although this hydrogen may have reduced the growth rate of chain elongating 
microorganisms such as C. kluyveri (e.g. [66]), it is unlikely that this caused 
the total collapse of the process. A co-culture of C. kluyveri and Clostridium 
autoethanogenum was able to perform chain elongation at an initial pH2 of 
≥100  % [67]. Furthermore, earlier work with open cultures demonstrated 
MCFA production rates up to 28.6 mmol C·L-1·d-1 at an initial pH2 of 150 % [23]. 
Angenent et al. (2016) recently explained why chain elongation through the 
reverse β-oxidation pathway still proceeds at high pH2, albeit at lower rate, by 
means of a stoichiometric and thermodynamic model [18]. is shows that chain 
elongation does not collapse at increased hydrogen concentrations. A systematic 
investigation on the eect of pH2 on chain elongation, however, remains open for 
future studies.
When CO2 was not supplied, we still measured a CO2 concentration of 0.07 % in 
the headspace (0.03 mmol·L-1). is was possibly a result of fermentation of yeast 
extract or decaying biomass which could have contributed to chain elongating 
activity observed. Another chain elongation study showed that fermentation 
of yeast extract (1 g; 34 mmol C) results in production of acetate (11 mmol C), 
butyrate (3 mmol C) and CO2 (4 mmol C; data not shown) [33]. is means that 
yeast extract could have contributed to 4-7 % of total formed products and to CO2 
production with an equivalent of ~0.1 LCO2·L-1·d-1 in the present study. 
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At 0 LCO2·L-1·d-1, we could not identify a steady state because rates were decreasing. 
For example, the valerate production rate was 4.5 g·L-1·d-1 on day 216 and 3.2 
g·L-1·d-1 on day 222. To prevent the likelihood of a further collapse of the process, 
it was decided to supply the reactor with CO2 again with 1 LCO2·L-1·d-1 on day 224. 
As a result, chain elongation activity increased and had similar steady state values 
as before at the same CO2 loading rate (Table S3.7 and S3.4). is does not only 
conrm that CO2 is the crucial control parameter, but also that CO2-dependent 
activity (i.e. chain elongation and syntrophic ethanol oxidation) is repairable.
3.5  Outlook: CO
2
 control in chain elongation with residual 
substrates
Depending on the anticipated type of chain elongation process, ethanol upgrading 
is either desired (should be stimulated) or not (should be minimized). Our results 
show that a high CO2 loading rate must be selected when ethanol upgrading is 
desired whereas a low CO2 loading rate must be selected when ethanol upgrading 
is undesired. 
Ethanol upgrading can be desired when the value of caproate is relatively high 
compared to ethanol [19] [29]. Currently, puried caproic acid (1.00 €·kg-1; 19.36 
€·kmol C-1) has a higher value per carbon atom than ethanol (0.52 €·kg-1; 11.98 
€·kmol C-1) [68]. To produce 1 kg caproic acid (€1), 1.19 kg ethanol is needed 
(€0.62) so ethanol upgrading is therefore from a feedstock to product point of view 
economically feasible. Moreover, the potential of using (lignocellulosic) bioethanol 
as feedstock for the biotechnological conversion into other higher-value biobased 
platform chemicals has already been considered [69]. Caproate could eventually 
also be used for production of 1-hexene (via 1-hexanol) for jet and diesel fuels 
[70]. In this way, car fuel is converted into aviation fuel. Agler et al. (2012) 
mentioned that ethanol upgrading from undistilled fermentation broth could be 
useful to circumvent distillation of ethanol which is energetically expensive [19]. 
When an ethanol upgrading process is desired, the CO2 loading rate should be 
high enough to suciently stimulate syntrophic ethanol oxidation. When the CO2 
loading rate is too high however, this could become detrimental because the CO2 
loading rate is inversely related with the pH2 (Table 3.1). When the pH2 becomes 
too low, anaerobic oxidation of MCFAs is thermodynamically feasible [56]. is 
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was likely the case when Grootscholten et al. (2014) increased the CO2 loading rate 
to a chain elongation reactor from 2.4 to 4.8 LCO2·L-1·d-1 which resulted in acetate 
accumulation instead of chain elongation [27]. To what extent ethanol upgrading 
can be further increased without oxidation of products remains to be investigated. 
Possibly, one can control ethanol upgrading by supplying CO2 while controlling 
the pH2 at 0.007 %. In theory, this does thermodynamically prevent oxidation of 
both VFAs and MCFAs under standard conditions (ΔGr’ > 0 kJ·reaction-1). CO2 
does not necessarily need to be supplied externally because it can also be produced 
through primary fermentation reactions (e.g. fermentation of sugars). is allows 
the conversion of a sugar rich feedstock into MCFAs in only one reactor vessel 
without external CO2 supply. However, there is an argument to prefer to separate 
primary fermentation from chain elongation and to supply CO2 externally because 
this allows easier control of the pH2 during chain elongation [27].
Ethanol upgrading is not desired when (costly and procured) ethanol must be 
used eciently. is means that 1) ethanol should primarily be used for VFA 
upgrading and 2) EEO should be minimized. Ethanol upgrading is also not 
desired when a higher odd numbered MCFA (e.g. heptanoate) fraction is wanted 
because ethanol upgrading always results in even-numbered MCFA production. 
Ethanol upgrading is less ecient than VFA upgrading because ethanol upgrading 
requires more ethanol to produce MCFAs than VFA upgrading. For example, 
ethanol upgrading requires three moles of ethanol to produce 1 mole of caproate 
whereas VFA upgrading requires only 1.2 (starting from butyrate) or 2.4 (starting 
from acetate) moles of ethanol. Ge et al. (2015) therefore mentioned that ethanol 
use is reduced when primary fermentation is directed towards butyrate instead of 
acetate as electron acceptor for chain elongation [56].
If ethanol upgrading is undesired, CO2 loading rate should be suciently low to 
limit EEO. When working with residual substrates, however, CO2 loading rate may 
be more challenging to control than in this study in which a synthetic medium 
and gaseous CO2 with a mass ow controller was used. is is because residual 
substrates may contain initial dissolved CO2, or CO2 is produced in situ from the 
residues. For example, Ge et al. (2015) fed undistilled fermentation broth from the 
bioethanol industry to a chain elongation reactor without external CO2 supply [56]. 
ey still observed a CO2 concentration of ~0.4 % which could be derived from 
primary fermentation reactions. Although this CO2 likely enabled chain elongation 
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activity in their study, its supply was not controlled during the process. To avoid 
in situ CO2 production in chain elongation, a two-stage conversion (primary 
fermentation followed by chain elongation) can be considered [27]. Still, euent 
from a primary fermentation reactor can contain high concentrations of CO2 (up 
to 39 % in the headspace; 10 mmol·L-1) [71]. is means that, if ethanol upgrading 
is undesired, the CO2 concentration in this euent must be reduced prior to 
feeding it to the chain elongation stage. is could be performed by supplying 
hydrogen to the primary fermentation stage to facilitate homoacetogenesis to 
produce acetate [72] or hydrogenotrophic methanogenesis to produce methane 
[73], resulting in consumption of CO2. As an alternative, the CO2 concentration 
could be reduced by stripping with nitrogen or upgrading it with acetate into 
butyrate using a bioelectrochemical system [74]. Evidently, producing acetate or 
butyrate is advantageous since it has a higher value than methane. Limiting EEO 
(by limiting hydrogenotrophic methanogenesis) could also be performed in a 
dierent way than adjusting the CO2 loading rate. For example, Agler et al. (2014) 
demonstrated that activity of hydrogenotrophic methanogens decreased with 
increasing concentrations of undissociated butyric acid [29]. is indicates that 
EEO may also be limited by toxicity of fatty acids under conditions with residual 
substrates.
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3.6  Supporting Information
Table S3.1: Overview of dominant and considered processes and their corresponding reaction 
equations. values were calculated at standard conditions (25 °C, pH 7.0, liquid components at 
1M and gaseous components at 1 atm).
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1b) Ethanol oxidation Chain elongaters 𝐶𝐶(𝐻𝐻*𝑂𝑂 + 𝐻𝐻(𝑂𝑂	 → 𝐶𝐶(𝐻𝐻.𝑂𝑂(/ 	+	𝐻𝐻0 + 2𝐻𝐻( x1 9.6 
Pr
oc
es
se
s i
nv
ol
ve
d 
in
 th
e 
re
ve
rs
e β
-o
xi
da
tio
n 
pa
th
wa
y 
1c) Chain elongation of acetate to butyrate Chain elongaters 𝐶𝐶(𝐻𝐻.𝑂𝑂(/ + 𝐶𝐶(𝐻𝐻*𝑂𝑂	 → 𝐶𝐶2𝐻𝐻3𝑂𝑂(/ 	+	𝐻𝐻(𝑂𝑂 i x5 -38.6 
1d) Chain elongation of butyrate to caproate Chain elongaters 𝐶𝐶2𝐻𝐻3𝑂𝑂(/ + 𝐶𝐶(𝐻𝐻*𝑂𝑂	 → 𝐶𝐶*𝐻𝐻44𝑂𝑂(/ 	+	𝐻𝐻(𝑂𝑂 i x5 -38.8 
1e) Chain elongation of caproate to caprylate Chain elongaters 𝐶𝐶*𝐻𝐻44𝑂𝑂(/ + 𝐶𝐶(𝐻𝐻*𝑂𝑂	 → 𝐶𝐶5𝐻𝐻46𝑂𝑂(/ 	+	𝐻𝐻(𝑂𝑂 i x5 -38.8 
   
2) Processes involved in the carbon flux of VFA upgrading   
2a) Chain elongation of propionate to valerate Chain elongaters 𝐶𝐶.𝐻𝐻6𝑂𝑂(/ + 𝐶𝐶(𝐻𝐻*𝑂𝑂	 → 𝐶𝐶6𝐻𝐻7𝑂𝑂(/ 	+	𝐻𝐻(𝑂𝑂 i 
 
x5 -38.6 
2b) Chain elongation of valerate to heptanoate Chain elongaters 𝐶𝐶6𝐻𝐻7𝑂𝑂(/ + 𝐶𝐶(𝐻𝐻*𝑂𝑂	 → 𝐶𝐶3𝐻𝐻4.𝑂𝑂(/ 	+	𝐻𝐻(𝑂𝑂 i x5 -37.1 
     
3) Processes involved in syntrophic ethanol oxidation    
3a) (Excessive) ethanol oxidation Chain elongaters & 
Ethanol oxidizers 
𝐶𝐶(𝐻𝐻*𝑂𝑂 + 𝐻𝐻(𝑂𝑂	 → 𝐶𝐶(𝐻𝐻.𝑂𝑂(
/ 	+	𝐻𝐻0 + 2𝐻𝐻( ii  9.6  
3b) Hydrogenotrophic methanogenesis Hydrogenotrophic 
methanogens 
2𝐻𝐻( + 0.5𝐶𝐶𝑂𝑂( 	→ 0.5𝐶𝐶𝐻𝐻2 	+	𝐻𝐻(𝑂𝑂  -65.3  
3c) Syntrophic ethanol oxidation  𝐶𝐶(𝐻𝐻*𝑂𝑂	 + 0.5	𝐶𝐶𝑂𝑂(	 → 𝐶𝐶(𝐻𝐻.𝑂𝑂(/ + 𝐻𝐻0 + 	0.5	𝐶𝐶𝐻𝐻2 Overall -55.7  
      
5) Propionate oxidation Propionate oxidizers 𝐶𝐶.𝐻𝐻6𝑂𝑂(/ + 2𝐻𝐻(𝑂𝑂	 → 𝐶𝐶(𝐻𝐻.𝑂𝑂(/ 	+ 	3𝐻𝐻( + 𝐶𝐶𝑂𝑂(  71.7  
      
6) Homoacetogenesis Homoacetogens 2𝐶𝐶𝑂𝑂( + 4𝐻𝐻( 	→ 𝐶𝐶(𝐻𝐻.𝑂𝑂(/ 	+	𝐻𝐻0 + 2𝐻𝐻(𝑂𝑂  -95.0  
      
i This process is done through the reverse β-oxidation pathway and is considered as VFA upgrading when the starting electron acceptor is 
produced from the organic feedstock (through primary fermentation) as well as when it is externally fed to the reactor. This process is considered 
as ethanol upgrading when the starting electron acceptor is in situ produced through ethanol oxidation (into acetate). 
ii This process is not only done through the reverse β-oxidation pathway but also through direct oxidation of ethanol (excessive ethanol oxidation; 
EEO) 
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Materials and methods for microbial community analysis
DNA extraction
Genomic DNA was extracted from granular and suspended sludge fractions (500 
µl sludge per sample) using a Fast DNA SPIN kit for soil (MP Biomedicals, Solon, 
OH), according to the manufacturers’ protocol. Bead beating was performed using 
a FastPrep instrument (MP Biomedicals). 
Bacterial community analysis
Samples for bacterial community analysis were labelled according to the 
corresponding CO2 loading rate and sludge type (see overview in Figure 3.3); the 
initial bacterial community was labelled as ‘IBC’ (I). At high CO2 loading rate (2.5 
LCO2·L-1·d-1), granular sludge was labelled as ‘2.5 granular’ (R1go) and suspended 
sludge was labelled as ‘2.5 suspended’ (R1lo). At medium CO2 loading rate (1.0 
LCO2·L-1·d-1), granular sludge was labelled as ‘1.0 granular‘ (R1g) and suspended 
sludge was labelled as ‘1.0 suspended’ (R1l). At no CO2 loading rate (0.0 LCO2·L-1·d-1), 
granular sludge was labelled as ‘0.0 granular’ (R1gx) and suspended sludge was 
labelled as ‘0.0 suspended’ (R1lx). Mock communities were also added in the 
analysis as previously used [75]. Extracted DNA was subjected to amplication 
of the V1–V2 region of the 16S rRNA gene using primers 27F-DegS [76] and an 
equimolar mix of reverse primers 338R-I and 338R-II [77] that were extended 
with 18 bp Universal Tags (Unitags). All amplication and purication steps were 
done as described previously [78]. All PCR reactions were done in a ermocycler 
(G-storm, Essex, UK). Aer purication, DNA was quantied using a Nanodrop 
1000 spectrophotometer (ermo Fisher Scientic, Waltham, MA). Puried PCR 
products were pooled in an equimolar mix, adapter-ligated and sequenced using the 
MiSeq platform (GATC-Biotech, Konstanz, Germany). Analysis of the sequenced 
data was done using NG-Tax, an in-house pipeline [75]. Operational taxonomic 
units (OTUs) were assigned with the NG-Tax default settings which are extensively 
described by Ramiro-Garcia et al. (2016) [75]. In short, barcoded-primer and 
chimera ltering was done and only read pairs with perfectly matching primers 
and barcodes were kept. OTU picking was done using a 97 % cuto value and a 
OTU table was generated using a minimum relative abundance threshold of 0.1 
%. is resulted in 23556 reads for the IBC sample, 160591 reads for sample ‘2.5 
granular’ (R1go), 38223 reads for sample ‘2.5 suspended’ (R1lo), 59806 reads for 
sample ‘1.0 granular‘(R1g), 208183 reads for sample ‘1.0 suspended’ (R1l), 112817 
reads for sample ‘0.0 granular’ (R1gx), and 64301 reads for sample ‘0.0 suspended’ 
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1b) Ethanol oxidation Chain elongaters 𝐶𝐶(𝐻𝐻*𝑂𝑂 + 𝐻𝐻(𝑂𝑂	 → 𝐶𝐶(𝐻𝐻.𝑂𝑂(/ 	+	𝐻𝐻0 + 2𝐻𝐻( x1 9.6 
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1c) Chain elongation of acetate to butyrate Chain elongaters 𝐶𝐶(𝐻𝐻.𝑂𝑂(/ + 𝐶𝐶(𝐻𝐻*𝑂𝑂	 → 𝐶𝐶2𝐻𝐻3𝑂𝑂(/ 	+	𝐻𝐻(𝑂𝑂 i x5 -38.6 
1d) Chain elongation of butyrate to caproate Chain elongaters 𝐶𝐶2𝐻𝐻3𝑂𝑂(/ + 𝐶𝐶(𝐻𝐻*𝑂𝑂	 → 𝐶𝐶*𝐻𝐻44𝑂𝑂(/ 	+	𝐻𝐻(𝑂𝑂 i x5 -38.8 
1e) Chain elongation of caproate to caprylate Chain elongaters 𝐶𝐶*𝐻𝐻44𝑂𝑂(/ + 𝐶𝐶(𝐻𝐻*𝑂𝑂	 → 𝐶𝐶5𝐻𝐻46𝑂𝑂(/ 	+	𝐻𝐻(𝑂𝑂 i x5 -38.8 
   
2) Processes involved in the carbon flux of VFA upgrading   
2a) Chain elongation of propionate to valerate Chain elongaters 𝐶𝐶.𝐻𝐻6𝑂𝑂(/ + 𝐶𝐶(𝐻𝐻*𝑂𝑂	 → 𝐶𝐶6𝐻𝐻7𝑂𝑂(/ 	+	𝐻𝐻(𝑂𝑂 i 
 
x5 -38.6 
2b) Chain elongation of valerate to heptanoate Chain elongaters 𝐶𝐶6𝐻𝐻7𝑂𝑂(/ + 𝐶𝐶(𝐻𝐻*𝑂𝑂	 → 𝐶𝐶3𝐻𝐻4.𝑂𝑂(/ 	+	𝐻𝐻(𝑂𝑂 i x5 -37.1 
     
3) Processes involved in syntrophic ethanol oxidation    
3a) (Excessive) ethanol oxidation Chain elongaters & 
Ethanol oxidizers 
𝐶𝐶(𝐻𝐻*𝑂𝑂 + 𝐻𝐻(𝑂𝑂	 → 𝐶𝐶(𝐻𝐻.𝑂𝑂(
/ 	+	𝐻𝐻0 + 2𝐻𝐻( ii  9.6  
3b) Hydrogenotrophic methanogenesis Hydrogenotrophic 
methanogens 
2𝐻𝐻( + 0.5𝐶𝐶𝑂𝑂( 	→ 0.5𝐶𝐶𝐻𝐻2 	+	𝐻𝐻(𝑂𝑂  -65.3  
3c) Syntrophic ethanol oxidation  𝐶𝐶(𝐻𝐻*𝑂𝑂	 + 0.5	𝐶𝐶𝑂𝑂(	 → 𝐶𝐶(𝐻𝐻.𝑂𝑂(/ + 𝐻𝐻0 + 	0.5	𝐶𝐶𝐻𝐻2 Overall -55.7  
      
5) Propionate oxidation Propionate oxidizers 𝐶𝐶.𝐻𝐻6𝑂𝑂(/ + 2𝐻𝐻(𝑂𝑂	 → 𝐶𝐶(𝐻𝐻.𝑂𝑂(/ 	+ 	3𝐻𝐻( + 𝐶𝐶𝑂𝑂(  71.7  
      
6) Homoacetogenesis Homoacetogens 2𝐶𝐶𝑂𝑂( + 4𝐻𝐻( 	→ 𝐶𝐶(𝐻𝐻.𝑂𝑂(/ 	+	𝐻𝐻0 + 2𝐻𝐻(𝑂𝑂  -95.0  
      
i This process is done through the reverse β-oxidation pathway and is considered as VFA upgrading when the starting electron acceptor is 
produced from the organic feedstock (through primary fermentation) as well as when it is externally fed to the reactor. This process is considered 
as ethanol upgrading when the starting electron acceptor is in situ produced through ethanol oxidation (into acetate). 
ii This process is not only done through the reverse β-oxidation pathway but also through direct oxidation of ethanol (excessive ethanol oxidation; 
EEO) 
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(R1lx). e relative abundances per OTU were then calculated from the amount of 
reads of the OTU relative to the total amount of reads in the sample. Taxonomic 
assignment was done against the non-clustered, non-redundant SILVA 16S rRNA 
reference database [79] using the uclust algorithm [80]. Microbial composition plots 
were made with a workow that is based on Quantitative Insights Into Microbial 
Ecology (QIIME) v1.8.0 [81]. e project was deposited to the SRA archive of the 
European Nucleotide Archive (ENA) with the study accession number PRJEB19881 
(ERP021948) (http://www.ebi.ac.uk/).
Archaeal community analysis
For archaeal community proling, extracted DNA was used for clone library 
construction. To amplify almost full-length archaeal 16S rRNA genes for cloning, 
the primer A109f (ACKGCTCAGTAACACGT) [82] and universal reverse primer 
1492R (GYTACCTTGTTACGACTT) [83] were used. PCR amplication was done 
with a GoTaq polymerase kit (Promega, Madison, WI) and using a LabCycler 
Gradient (SensoQuest, Göttingen, Germany). e PCR program consisted of a 
pre-denaturing step of 30 s at 98 °C, followed by 25 cycles of 98 °C for 10 s, 56 °C for 
20 s, and 72 °C for 20 s. Lastly, a post-elongation step of 10 min at 72 °C was done. 
PCR products were puried using a PCR Clean & Concentrator kit (Zymo Research 
Corporation, Irvine, CA) and ligated into the pGEM-T Easy plasmid vector (pGEM-T 
Easy vector system I; Promega), and transformed into Escherichia coli XL1-Blue 
competent cells (Stratagene/Agilent Technologies, Santa Clara, CA). Both ligation 
and transformation were performed according to the manufacturer’s instructions. 
Aerwards, PCR was done using primers SP6 (ATTTAGGTGACACTATAG) and 
T7 (TAATACGACTCACTATAGGG) to amplify the cloned 16S rRNA plasmid 
inserts. e PCR program consisted of a pre-denaturing step of 2 min at 95 °C, 
followed by 25 cycles of 95 °C for 30 s, 55 °C for 40 s, and 72 °C for 1.3 min. Lastly, 
a post-elongation step of 5 min at 72 °C was done. PCR products were checked 
on an agarose gel and were sent for sequencing using the Sanger platform at 
GATC-Biotech (Konstanz, Germany). Forward and reverse partial sequences were 
assembled into full length 16S rRNA genes and trimmed for vector sequences and 
low quality sequences using the DNA sequence assembler of DNA Baser soware 
(Heracle BioSo SRL, Romania). Obtained full length 16S rRNA gene sequences 
were compared with 16S rRNA sequences (bacteria and archaea) using the NCBI 
BLAST search algorithm (http://blast.ncbi.nlm.nih.gov/Blast.cgi). e project was 
deposited to the European Nucleotide Archive (ENA) with study accession numbers 
LT855569-LT855663 (http://www.ebi.ac.uk/).
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Table S3.2: Calculations on carbon uxes and numerical values at high CO2 loading rate (2.5 
LCO2·L-1·d-1) and at low CO2 loading rate (0.5 LCO2·L-1·d-1).
Process 
number
Carbon ux
[mmol C·L-1·d-1]
Description Calculation on carbon ux 2.5 LCO2·L-1·d-1 i 0.5 LCO2·L-1·d-1 i
I Total CO2 use 1·|rCO2| 100 20
I a CO2 use by methanogens 1·rCH4 73 17
I b Unidentied CO2 use (i.e. 
biomass)
1·(I - I a) 27 3
II Total ethanol use 2·|rEthanol| 1130 456
II a ii Excessive ethanol oxidation 
(EEO)
II - II b - II c - II d 326 72
II b iii Ethanol oxidation through 
the reverse β-oxidation 
pathway
1/5 · (II c + II d) 134 64
II c iv Ethanol use for elongation 
of fatty acids through 
the reverse β-oxidation 
pathway (even)
2·(rButyrate + 2·rCaproate + 3·rCaprylate) 459 134
II d iv Ethanol use for elongation 
of fatty acids through 
the reverse β-oxidation 
pathway (odd)
2·(rValerate + 2·rHeptanoate) 211 185
III Propionate use for VFA 
upgrading
3·(rValerate + rHeptanoate) 275 251
IV (Interspecies) hydrogen 
transfer
V Acetate uptake for ethanol 
upgrading
2·(rButyrate + rCaproate + rCaprylate) 264 81
VI Methane production 1·rCH4 73 17
VII Hydrogen production
VIII Unidentied acetate use 
(i.e. biomass)
II a + II b - V - IX 102 5
IX Acetate production 2·rAcetate 94 50
X Butyrate, caproate and 
caprylate production
4·rButyrate + 6·rCaproate + 8·rCaprylate 723 215
XI Valerate and heptanoate 
production
5·rValerate + 7·rHeptanoate 486 436
i e ethanol loading rate at 2.5 LCO2·L-1·d-1 was 32.2 g·L-1·d-1 whereas the ethanol loading rate at 0.5 
LCO2·L-1·d-1 was 16.3 g·L-1·d-1. Yet, carbon uxes are comparable because ethanol concentrations were 
similar.
ii Excessive ethanol oxidation (EEO) is the use of ethanol that is not done by the reverse β-oxidation 
pathway (II b, II c & II d).
iii Ethanol oxidation into acetate by the reverse β-oxidation pathway is 1/5th times ethanol use for 
elongation of fatty acids (II c + II d).
iv Ethanol that is used for elongation of fatty acids by reverse β-oxidation pathway is a function 
of elongation steps per net produced fatty acid. is is 1 step for butyrate and valerate, 2 steps for 
caproate and heptanoate and 3 steps for caprylate.
rx values are net production or consumption rates in mmol·L-1·d-1.
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Figure S3.1: Graphical summary of the e ect of CO2 loading rate on reactor performance with net 
production and consumption rates over time. At the red stars, samples for bacterial community 
analysis were taken. At the green star, a sample for archaeal community analysis was taken. T = 30 °C, 
pH = 6.8, HRT = 17 h, V = 1 L.
Mean steady state values of reactor concentrations, rates and carbon 
selectivities 
Table S3.3: Mean steady state values at 2.5 LCO2·L-1·d-1; day 84-97, 105-119.
Compound Concentration
[mmol·L-1]
        Rate
[mmol·L-1·d-1]
Selectivity 
[mol C %]
Ethanol 81.3  ±  30.1    -565  ±  15.3 N.A.
Propanol   9.1  ±  1.4    14.1  ±  3.0 2.7
Acetate 31.8  ±  1.5    46.9  ±  2.2 6.1
Propionate 28.4  ±  2.3 -106.6  ±  7.3 N.A.
Butyrate 24.9  ±  1.9    36.5  ±  2.5 9.4
Valerate 52.9  ±  1.1    77.9  ±  2.3 25.1
Caproate 63.4  ±  1.6    93.3  ±  3.9 36.1
Heptanoate   9.3  ±  0.5    13.8  ±  1.1 6.2
Caprylate   1.5  ±  0.4      2.1  ±  0.7 1.1
CO2   4.6  ±  0.2 %    -99.8 ±  5.3 N.A.
CH4 91.9  ±  0.2 %    72.6  ±  0.2 4.7
H2 0.03  ±  0.01 % N.A.
Unidenti ed 8.5
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Table S3.4: Mean steady state values at 1.0 LCO2·L-1·d-1; day 155-187.
Compound Concentration
[mmol·L-1]
        Rate
[mmol·L-1·d-1]
Selectivity  
[mol C %]
Ethanol 15.6  ±  10.2 -323.3  ±  29.8 N.A.
Propanol   4.8  ±  1.5       7.7  ±  2.2 2.3
Acetate 21.5  ±  2.8     30.1  ±  3.9 6.0
Propionate 30.0  ±  3.0  -104.6  ±  5.6 N.A.
Butyrate    15  ±  0.7     21.6  ±  1.1 8.7
Valerate 57.4  ±  2.3     82.9  ±  3.9 41.6
Caproate 26.8  ±  2.6     39.7  ±  5.2 23.9
Heptanoate   8.8  ±  1.4     12.8  ±  2 9.0
Caprylate   0.7  ±  0.1       1.0  ±  0.3 0.8
CO2   2.3  ±  0.2 %    -36.9  ±  3.7 N.A.
CH4 92.2  ±  0.6 %     34.3  ±  0.2 3.4
H2 0.08  ±  0.04 % N.A.
Unidentied 4.2
Table S3.5: Mean steady state values at 0.5 LCO2·L-1·d-1; day 188-201.
Compound Concentration
[mmol·L-1]
        Rate
[mmol·L-1·d-1]
Selectivity  
[mol C %]
Ethanol 70.1  ±  25.6 -227.8  ±  23.5 N.A.
Propanol 12.9  ±  1.0    19.7   ±  2.2 7.6
Acetate 18.5  ±  1.4     25.0  ±  4.5 6.4
Propionate 30.9  ±  2.0 -101.1  ±  6.7 N.A.
Butyrate 11.0  ±  0.6     14.8  ±  1.2 7.6
Valerate 54.3  ±  1.4     74.6  ±  2.2 47.9
Caproate 18.6  ±  1.8     25.0  ±  1.5 19.3
Heptanoate   6.6  ±  0.7       9.0  ±  0.9 8.1
Caprylate   0.6  ±  0.2       0.7  ±  0.5 0.8
CO2       1.1 %         -19.9 N.A.
CH4     87.9 %           17.1 2.2
H2       0.2 % N.A.
Unidentied 0.2
Selectivity (mol C %) = mol C product/mol C total consumed substrates · 100
N.A. = Not Applicable
Concentrations of gaseous compounds (CO2, CH4, H2) are shown as % in headspace at 1 atm.
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Table S3.6: Mean values at 0 LCO2·L-1·d-1; day 216-222 (No steady state).
Compound Concentration
[mmol·L-1]
        Rate
[mmol·L-1·d-1]
Selectivity  
[mol C %]
Ethanol 188.5  ±  15.7 -75.6  ±  10 N.A.
Propanol     8.9  ±  1.2  12.3  ±  1.5 11.7
Acetate   12.2  ±  0.8  17.1  ±  0.8 10.9
Propionate   67.7  ±  3.3 -54.6  ±  3.3 N.A.
Butyrate     5.0  ±  0.7    6.9  ±  0.9 8.7
Valerate   27.8  ±  4.0  38.1  ±  4.7 60.4
Caproate     3.0  ±  0.9    3.6  ±  0.8 6.9
Heptanoate     1.3  ±  0.4    1.4  ±  0.1 3.2
Caprylate     0.4  ±  0.1    0.5  ±  0.5 1.2
CO2   0.07  ±  0.01 %       0  ±  0 N.A.
CH4   49.3  ±  3.9 %    1.5  ±  0.1 0.5
H2   41.6  ±  5.1 % N.A.
Unidentied -3.4
Table S3.7: Mean steady state values at 1.0 LCO2·L-1·d-1; day 229-240.
Compound Concentration
[mmol·L-1]
        Rate
[mmol·L-1·d-1]
Selectivity  
[mol C %]
Ethanol 56.7 ± 15 -267.2 ± 28.1 N.A.
Propanol   6.4 ± 0.7       9.5 ± 1.6   3.3
Acetate 27.9 ± 2.5     42.5 ± 4.6   9.8
Propionate 39.3 ± 2.9    -97.2 ± 6.2 N.A.
Butyrate 12.9 ± 0.4     19.7 ± 0.7   9.1
Valerate 51.9 ± 1.9        78 ± 5.1 45.1
Caproate 18.9 ± 1.9     28.7 ± 4.9 19.9
Heptanoate   6.1 ± 1.1       9.2 ± 2.4 7.4
Caprylate   0.7 ± 0.1       1.0 ± 0.3 0.9
CO2   1.4 ± 0.01 %    -38.7 ± 0.3 N.A.
CH4 93.1 ± 0.5 %      29.6 ± 0.1 3.4
H2   0.1 ± 0.005 % N.A.
Unidentied 0.9
Selectivity (mol C %) = mol C product/mol C total consumed substrates · 100
N.A. = Not Applicable
Concentrations of gaseous compounds (CO2, CH4, H2) are shown as % in headspace at 1 atm.
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Figure S3.2: Results of thermodynamic analysis: change in Gibbs free energy of propionate oxidation 
(Eq 5, Table S3.1), homoacetogenesis (Eq 6, Table S3.1), excessive ethanol oxidation (EEO; Eq 1a, 
Table S3.1), reverse β-oxidation pathway (ethanol oxidation coupled to 5x propionate elongation; Eq 
1b + 2a, Table S3.1) at dierent CO2 loading rates under actual bioreactor conditions (pH = 6.8, T = 
30 °C, steady state concentrations of substrates and products). e red line indicates the thermodynamic 
feasible limit of -20 kJ·reaction-1 for microorganisms [60].
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Figure S3.3: Results of bacterial community analysis: order level composition of bacterial community 
at dierent CO2 loading rates in granular and suspended sludge. IBC = initial bacterial community.
Table S3.8: Results of archaeal community analysis: phylogenetic aliation of the cloned 16S rRNA 
gene sequences from the archaeal community in suspended sludge at 2.5 LCO2·L-1·d-1.
Closest cultured relative No. of clones Sequence identity [%]
Methanobrevibacter acididurans 58 99
Methanobrevibacter acididurans 31 98
Methanobrevibacter acididurans 6 97
Failed clones 1
Total no. of clones 96
18043 Mark Roghair.indd   65 10-10-18   15:06
Chain elongation
1000 g MCFAs
1013 g Ethanol
307 g NaOH
Long HRT
Hydrolysis &
acidogenesis
419 g VS
Food waste
136 g NaOH
AFW
18043 Mark Roghair.indd   66 10-10-18   15:06
CHAPTER 4
Development of an E ective Chain 
Elongation Process
Abstract
Introduction: Continuous chain elongation with organic residues becomes 
eective when the targeted medium chain fatty acids (MCFA(s)) are produced 
at high concentrations and rates, while excessive ethanol oxidation and base 
consumption are limited. e objective of this study was to develop an eective 
continuous chain elongation process with hydrolyzed and acidied food waste and 
additional ethanol.
Results: We fed acidied food waste (AFW) and ethanol to an anaerobic reactor 
while operating the reactor at long (4 d) and at short (1 d) hydraulic retention 
time (HRT). At long HRT, n-caproate was continuously produced (5.5 g/L/d) at an 
average concentration of 23.4 g/L. e highest n-caproate concentration was 25.7 
g/L which is the highest reported n-caproate concentration in a chain elongation 
process to date. Compared to short HRT (7.1 g/L n-caproate at 5.6 g/L/d), long 
HRT resulted in 6.2 times less excessive ethanol oxidation. is led to a two times 
lower ethanol consumption and a two times lower base consumption per produced 
MCFA at long HRT compared to short HRT. 
Conclusions: Chain elongation from AFW and ethanol is more eective at long 
HRT than at short HRT not only because it results in a higher concentration of 
MCFAs but also because it leads to a more ecient use of ethanol and base. e 
HRT did not inuence the n-caproate production rate. e obtained n-caproate 
concentration is more than twice as high as the maximum solubility of n-caproic 
acid in water which is benecial for its separation from the fermentation broth. 
is study does not only set the record on the highest n-caproate concentration 
observed in a chain elongation process to date, it notably demonstrates that such 
high concentrations can be obtained from AFW under practical circumstances in 
a continuous process.
Published as: Roghair M, Liu Y, Strik DPBTB, Weusthuis RA, Bruins ME, Buisman CJN: Development 
of an Eective Chain Elongation Process from Acidied Food Waste and Ethanol Into n-Caproate. 
Front Bioeng Biotechnol 2018, 6:50. 
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4.1  Introduction
Organic residual streams, like food waste, have great potential as alternative 
resource for production of fuels and chemicals because they are renewable and 
because they do not compete with the human food chain [84]. e challenge is 
to convert these mixed residues into the desired products and purify them in an 
energy-ecient and economically viable process. An emerging technology that 
facilitates conversion of (derivatives of) organic residues into (precursors of) fuels 
and chemicals is chain elongation. Chain elongation is an anaerobic open-culture 
biotechnological process that converts volatile fatty acids (VFAs) and an electron 
donor into more valuable medium chain fatty acids (MCFAs) [18]. e conversion 
of VFAs into MCFAs with ethanol as electron donor is done by chain elongating 
micro-organisms (e.g. Clostridium kluyveri) that use the reverse β-oxidation 
pathway. In this pathway, 1 additional mole of ethanol is oxidized into acetate for 
every 5 chain elongation reactions (Eq 4.1) [21].
Reverse β-oxidation pathway:
   (Eq 4.1)
VFAs can be obtained through hydrolysis and acidogenesis of organic residues. 
Electron donors that are suitable for chain elongation processes, such as ethanol 
[23], hydrogen [23], methanol [33] and lactic acid [34], can also be produced 
from organic residues (e.g. lignocellulosic bioethanol). Particularly, MCFAs can 
be used for production of aviation fuels [70] [85] and for other end-products such 
as solvents, lubricants, feed additives for poultry [86] and piglets [87], plastics 
and dyes [18]. e main advantage of chain elongation is that it is catalysed 
by an anaerobic open-culture reactor microbiome (i.e. sludge). Open-culture 
microbiomes can tolerate mixtures of residual streams while they convert the 
residues under mild and non-sterile conditions. Chain elongation, therefore, does 
not need a chemical catalyst and proceeds under mild and non-sterile conditions. 
Although inhibition of competing processes is important, it is not necessary to do 
this by adding bioactive chemicals such as antibiotics or methanogenic inhibitors 
such as 2-bromoethanesulfonate (e.g. ref [88]). As such, solid residual streams 
from the chain elongation process itself could be used as soil fertilizer upon 
composting.
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MCFA production from organic residues through biomass hydrolysis, acidogenesis 
and chain elongation can be executed in a single-stage system [19] as well as in 
a two-stage system [27]. In a two-stage system, hydrolysis and acidogenesis are 
done in one stage and chain elongation in a subsequent stage. e advantage of a 
two-stage system over a single-stage system is that both stages can be optimized 
independently. Grootscholten et al. (2014) concluded that MCFA production 
from the organic fraction of municipal solid waste and additional ethanol in a 
two-stage system resulted in higher MCFA production rates and concentrations 
compared to a single-stage system [27]. Another advantage of a two-stage system 
is that it allows easier control of the hydrogen partial pressure (pH2) in the chain 
elongation stage by e.g. manipulating CO2 loading rate [27] [88]. e pH2 is 
important because it can thermodynamically inhibit competing processes such as 
anaerobic oxidation of MCFAs and anaerobic oxidation of ethanol, also known as 
excessive ethanol oxidation (EEO; Eq 4.2).
Excessive ethanol oxidation (EEO):
 (Eq 4.2)
Hydrogenotrophic methanogenesis:
 (Eq 4.3)
Syntrophic ethanol oxidation:
 (Eq 4.4)
Suppression of EEO is essential to make ecient use of ethanol because ethanol 
is a major cost factor. EEO is considered to be performed by ethanol-oxidizing 
microorganisms which do not perform chain elongation [88]. Earlier work 
demonstrated that ethanol is oxidized due to hydrogenotrophic methanogenesis 
(Eq 4.3) [29] and that the overall reaction can be referred to as syntrophic ethanol 
oxidation [88] (Eq 4.4). By limiting the CO2 loading rate to a chain elongation 
process, EEO was reduced from 28.8 % to 15.9 % of total ethanol consumption 
[88]. No CO2 addition resulted in low and decreasing MCFA production rates. 
When working with organic residues, however, CO2 loading rate may be more 
dicult to control because CO2 is also a product of acidogenesis. Even though 
acidogenesis and chain elongation can be separated, dissolved CO2 could still 
complicate the control over the actual CO2 supply to the chain elongation process. 
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In such a case, alternative strategies than CO2 loading rate to suppress EEO are 
needed. Although EEO can be benecial for ethanol upgrading processes to 
n-caproate (in situ ethanol oxidation into acetate and subsequent chain elongation 
into even-numbered fatty acids), one can consider ethanol upgrading as an 
inecient use of ethanol per produced MCFA [88]. Furthermore, EEO acidies 
the fermentation broth and this requires extra base addition for pH correction. 
Because the use of both ethanol and base cause major environmental impact over 
the life cycle of chain elongation processes [35], their consumption should be 
reduced in the development of this technology. 
A high MCFA concentration in chain elongation processes would be benecial 
because this improves its separation from the fermentation broth [89]. 
Grootscholten et al. (2014) achieved a maximum n-caproate concentration of 
12.6 g/L in a two-stage MCFA production system from organic waste. Recently, 
considerably higher concentrations of n-caproate (>20 g/L) have been reported 
from chain elongation processes which were conducted in batch at near-neutral pH 
[34] [90]. ese studies suggest that such high concentrations can also be reached 
in a continuous chain elongation process as long as the hydraulic retention time 
(HRT) is long enough to allow product accumulation. e HRT, however, was 
also shown to inuence the volumetric MCFA productivity as the highest reported 
MCFA production rate was achieved at a short HRT of 4 h (57 g/L/d) [25]). A 
high MCFA productivity is desired to make eective use of the bioreactor; though 
MCFA production by chain elongation (62.4 g COD/L/d [27]) already exceeds the 
rate of methane production by anaerobic digestion (6.7 - 11.2 g COD/L/d a). Chain 
elongation studies that operated at near neutral pH usually maintained an HRT 
shorter than 1 d [24] [26] [27] [53] [88]. To date, however, there are no studies that 
report the eect of a long HRT in combination with a near-neutral pH in a chain 
elongation process from acidied organic waste and ethanol.
e objective of this study was to develop an eective continuous biological 
chain elongation process from acidied food waste (AFW) and ethanol to 
produce n-caproate at a high concentration while EEO is limited. e eect of 
2 HRTs (1 and 4 d) was compared and evaluated based on an extensive set of 
performance indicators including MCFA production rates, MCFA concentrations, 
MCFA production eciency, substrate consumption eciency, rate of EEO and 
base consumption. Finally, an outlook is given on the potential of the developed 
bioprocess.
a Based on 5–6 m3/m3/d with a methane content of 50–70 % [91])
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4.2  Materials and methods
4.2.1   Preparation of food waste
Food waste was collected from Rotie, a recycling company in Lijnden, the 
Netherlands. e waste consisted of outdated food scraps and had a total solids 
(TS) content of 15.5 ± 0.2 % (w/w), a volatile solids (VS) content of 13.8 ± 0.4 % 
(w/w) and a sodium content of 2.7 ± 0.01 g/L. e waste was stored at -20 °C until 
further use. Before use as fermentation feed, the waste was thawed at 4 °C, diluted 
until ~4.0 % VS (w/w) with tap water and the pH was adjusted to 5.5 with 5 M 
NaOH.
4.2.2   First stage: Hydrolysis and acidogenesis of food waste
Hydrolysis and acidogenesis of food waste was executed in a batch reactor with 
a working volume of 20 L as described by Chen et al. (2016) [92]. Aer loading 
20 L diluted food waste into the reactor, the reactor content was sparged with 
N2 for 10 min to remove oxygen. ereaer, 200 mL inoculum (derived from a 
previous hydrolysis and acidogenesis run that used the same substrate and reactor 
conguration) and 5 mL Antifoam B Emulsion (Sigma-Aldrich, the Netherlands) 
were added. e reactor was then operated at 35 °C, 1 atm, stirred at 44 rpm 
while the pH was maintained at 5.5 using a pH sensor (model QP-635-E275-S8, 
ProSense BV - QiS, Oosterhout, e Netherlands) and 5M NaOH. e slightly 
acidic pH was selected to inhibit methanogenesis [19] [56]. Aer 18 days of 
operation, reactor content (acidied food waste; AFW) was centrifuged (15000 
rpm for 15 min) and decanted to remove solids and sieved (1 mm) to remove 
oating particles (e.g. lipids). is was performed for in total four 20 L batches to 
generate sucient AFW as feedstock for the chain elongation stage. e resulting 
centrifuged and sieved AFW from the four batches was pooled together and stored 
at 4 °C until further use. e following compounds in the pooled AFW were 
measured (concentration in g/L): inorganic carbon (0.011), sodium (4.8), ethanol 
(0.1), butanol (0.2), acetate (8.1), propionate (1.7), isobutyrate (0.6), n-butyrate 
(9.3), isovalerate (0.4), valerate (0.4) and n-caproate (1.4). e mentioned organic 
compounds account for a chemical oxygen demand (COD) of 35 gO2/L. AFW had 
a soluble COD of 37.1 gO2/L (LCK 014 COD, Hach Lange GMBH, Germany). 
Average VS consumption in the hydrolysis and acidogenesis stage was determined 
based on the mean VS content at the beginning of two batches (n = 6) and on 
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the mean VS content at the end of these two batches (n = 6). Average NaOH 
consumption in the hydrolysis and acidogenesis stage was determined based on 
the dierence between the mean sodium content of diluted food waste (n = 3) and 
the mean sodium content of AFW (n = 3)
4.2.3   Second stage: Chain elongation of acidified food waste and ethanol
Chain elongation of AFW and ethanol was performed in one single process using 
a continuously stirred anaerobic reactor as described by Roghair et al. (2016) [53]. 
In short, a continuous reactor with a working volume of 1 L was operated at 30 °C, 
1 atm, stirred at 100 rpm while the pH was maintained at 6.8 using a pH sensor 
(Applisens model Z001023551, Schiedam, e Netherlands) and 2M NaOH. 
Gaseous CO2 was supplied with a mass-ow controller (Brooks Instruments 
5850S, the Netherlands) at 1 LCO2/L/d. e reactor was started with a synthetic 
medium that contained 13.8 g/L propionic acid (≥99.5  %, Sigma-Aldrich) and 
32.2 g/L ethanol (Absolute, VWR). ese starting conditions have formerly shown 
to induce formation of granular sludge [53] and can also be used to distinguish 
the carbon ux of ethanol upgrading from VFA upgrading [88]. e composition 
of other components (salts, yeast extract, vitamins and trace elements) were as 
previously described [53]. e reactor was inoculated in batch mode on day 1 
with 50 mL chain elongation sludge from a previous run; the inoculum contained 
chain elongating micro-organisms, ethanol oxidizers and hydrogenotrophic 
methanogens [88]. On day 9, the reactor operation mode was set from batch to 
continuous with an HRT of 4 d. From day 19 onwards, the reactor was fed with 
AFW to which 32.2 g/L ethanol was added. On day 58, the HRT was set from 4 d 
to 1 d. On day 103, the HRT was set back from 1 d to 4 d. 
Liquid samples were taken from the reactor content and from the inuent tank 1-3 
times per week. Gas samples were taken from the headspace 1-3 times per week. 
e reactor was assumed to be in steady state when n-caproate production rates 
were similar (with a maximum relative standard deviation of 16 %) over a period 
of at least 7 HRTs. Average concentrations and rates and their corresponding 
standard deviations were based on at least nine measurements within a steady 
state. Average NaOH consumption in the chain elongation stage was determined 
based on the dierence between average sodium concentration in the euent (n = 
3 dierent samples during a steady state) and on the average sodium concentration 
in the inuent tank (n = 3 dierent samples during a steady state).
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4.2.4   Analytical procedures
Alcohols (C2-C6) and fatty acids (C2-C8) were analyzed by gas chromatography 
using an Agilent 7890B (USA), equipped with HP-FFAP capillary column (l = 25 
m, ID = 0.32 mm, lm = 0.5 µm). 1 µl from a diluted sample was injected into a 
liner with glass wool at 250 °C. Vaporized compounds entered the column, along 
with helium as carrier gas, with a ow rate of 1.25 mL/min (rst 3 min) and 2 mL/
min (until the end of the run). e oven temperature program was as follows: 60°C 
for 3 min; 21°C/min up to 140°C; 8°C/min up to 150°C and constant for 1.5 min; 
120°C/min up to 200°C and constant for 1.25 min; 120°C/min up to 240°C and 
constant for 3 min. Compounds were detected with a ame ionization detector at 
240 °C, fed with 30 mL/min hydrogen and 400 mL/min air. 
Gaseous compounds (N2, H2, CO2, CH4 and O2) were analyzed by gas 
chromatography using an Agilent Varian CP4900 µGC (USA) equipped with a 
thermal conductivity detector and two parallel columns: a Mol Sieve 5A PLOT 
column (l = 10 m, ID = 0.32 mm, lm = 0.15 µm) and a PoraPlot U column (l = 
10 m). e oven temperature was 80 °C for the Mol Sieve 5A PLOT column and 
65 °C for the PoraPLOT U column. e carrier gas was argon and had a ow rate 
of 1.47 mL/min. 
Sodium was measured by ion chromatography using a Metrohm Compact IC Flex 
930 (Schiedam, the Netherlands) equipped with a pre-column (Metrohm Metrosep 
RP 2 Guard/3.6), a cation column (Metrosep C 4- 150/4.0) and a conductivity 
detector. e mobile phase was 3 mM nitric acid. 
TS, VS and VSS were determined following Standard Methods [93]. e lter for 
VSS measurements (Whatman GF/F 0.7 µm) was preheated at 450 °C prior to 
ltration. Inorganic carbon was measured using a total organic carbon analyser 
(Shimadzu TOC-VCPH, Japan).
4.2.5   Mathematical expressions 
e volumetric production or consumption rate of aqueous compounds is based 
on the dierence between euent concentration and inuent concentration 
divided by the HRT:
Rate [g/L/d] = (euent concentration [g/L] – inuent concentration [g/L]) / HRT 
[d]
18043 Mark Roghair.indd   73 10-10-18   15:06
Chapter 4
74
Excessive ethanol oxidation is the dierence between total ethanol consumption 
and ethanol consumption through the reverse β-oxidation pathway:
Excessive ethanol oxidation (EEO) [g/L/d] = rate total ethanol consumption 
[g/L/d] – rate ethanol consumption through the reverse β-oxidation pathway 
[g/L/d] [88]
Ethanol consumption through the reverse β-oxidation pathway (g/L/d) = ethanol 
use for elongation of fatty acids through the reverse β-oxidation pathway (g/L/d) 
+ ethanol oxidation into acetate through the reverse β-oxidation pathway (g/L/d)
Ethanol use for elongation of fatty acids through the reverse β-oxidation pathway 
(g/L/d) = (rate n-butyrate [mmol/L/d] + rate valerate [mmol/L/d] + 2 · rate 
n-caproate [mmol/L/d] + 2 · rate n-heptanoate [mmol/L/d] + 3 · rate n-caprylate 
[mmol/L/d]) · 46.05 / 1000
Ethanol oxidation into acetate through the reverse β-oxidation pathway (g/L/d) = 
Ethanol use for elongation of fatty acids through the reverse β-oxidation pathway 
(g/L/d) · 0.2
Selectivity is dened as product produced relative to substrates consumed on an 
electron basis [27]:
Selectivity [mol e %] = product formation rate [mol e/L/d] / total substrate 
consumption rate (mol e /L/d) · 100
Selectivity values that are based on a carbon basis are reported in the Supporting 
information but are not presented and discussed in the results and discussion 
section. 
Substrate consumption eciency is dened as substrate consumed relative to the 
organic loading rate on an electron basis:
Substrate consumption eciency [mol e %] = (|substrate consumption rate [mol 
e/L/d]| / organic loading rate [mol e/L/d] · 100
Product production eciency is dened as product produced relative to the 
organic loading rate on an electron basis
Product production eciency [mol e %] = product formation rate [mol e/L/d] / 
organic loading rate [mol e/L/d] · 100
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4.3  Results
4.3.1  Higher MCFA concentrations and selectivities at long HRT than at 
short HRT
Acidied food waste (AFW) and ethanol were fed to a continuous biological chain 
elongation process, resulting in production of MCFAs (n-caproate, isocaproate, 
n-heptanoate and n-caprylate). n-Caproate, the dominant MCFA, was produced 
(5.5 ± 0.4 g/L/d) at a high steady state concentration of 23.4 ± 1.0 g/L. is was 
observed at long HRT (4 d) from day 28 through day 58 (Figure 4.1). Aer the 
HRT was decreased from 4 d to 1 d (short HRT), another steady state was observed 
from day 79 through day 103. Here, n-caproate was produced at a similar rate 
(5.6 ± 0.9 g/L/d) but at a lower concentration (7.1 ± 0.9 g/L). On day 103, the 
HRT was increased from 1 to 4 d. Again, n-caproate was continuously produced 
at a high steady state concentration (23.2 ± 1.9 g/L). is was observed from day 
114 through day 147. e maximum n-caproate concentration was 25.7 g/L on 
day 120. Reactor performance of the rst steady state at long HRT was similar as 
the reactor performance of the second steady state at long HRT. is shows that 
the eect of HRT on reactor performance is reversible. From here on, however, 
‘long HRT’ refers to the rst steady state (day 28 – 58). Mean steady state rates, 
concentrations and selectivities of all identied substrates and products at long 
and at short HRT are reported in Tables S4.1 and S4.2 respectively. A summary of 
reactor performance indicators and properties of the steady states at both long and 
short HRT are reported in Table 4.1 for comparison.
At long HRT, n-heptanoate and n-caprylate were both produced at a low rate 
(~0.15 g/L/d) and concentration (~0.6 g/L) compared to n-caproate. At short 
HRT, however, these MCFAs were produced at insignicant amounts (< 0.1 g/L). 
Isocaproate was produced in trace amounts at both long and short HRT. e 
selectivity of MCFAs was 81.6 mol e % at long HRT and 46.3 mol e % at short HRT. 
e remaining consumed carbon ended up as VSS (biomass), VFAs, methane, 
propanol, and unidentied products as given in Table S4.1 and S4.2. e MCFA 
productivity at both long and short HRT (~12.5 g COD/L/d) was somewhat higher 
compared to the typical methane productivity in an anaerobic digester (6.7 - 11.2 
g COD/L/d b).
b Based on 5–6 m3/m3/d with a methane content of 50–70 % [91])
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Figure 4.1: Graphical summary of experimental results with concentrations over time (a) and net 
production and consumption rates over time (b). T = 30 °C, pH = 6.8, V = 1 L, CO2 loading rate = 1.0 
LCO2/L/d.
4.3.2 Excessive ethanol oxidation, methane production and NaOH 
consumption
Long HRT did not only result in higher MCFA concentrations and selectivities 
compared to short HRT, it also resulted in less EEO and in less sodium hydroxide 
(NaOH) consumption per MCFA produced. EEO occurred at a 6.3 times lower 
rate at long HRT (0.9 ± 0.4 g/L/d) than at short HRT (5.6 ± 1.4 g/L/d). is process 
was also relative to the total ethanol consumption rate lower at long HRT (14.7 ± 
5.5 %) than at short HRT (45.0 ± 9.7 %). 
Methane production was 3.4 times lower at long HRT (12.8 ± 2.6 mmol/L/d) than at 
short HRT (43.8 ± 2.5 mmol/L/d). A previous study showed that hydrogenotrophic 
methanogenesis and EEO are coupled and that the overall reaction can be referred 
to as syntrophic ethanol oxidation [88]. In syntrophic ethanol oxidation, the 
stoichiometric ratio between methane production and ethanol oxidation is 0.5 
mol/mol (Eq 4.4). e present study shows a similar ratio at long HRT (0.7 ± 0.3) 
and at short HRT (0.4 ± 0.1) which implies that EEO, like in the previous study, 
was a result of syntrophic ethanol oxidation. Less EEO also led to fewer NaOH 
consumption for pH correction because EEO is an acidifying process that releases 
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a proton (Eq 4.2). NaOH consumption per produced MCFA was two times lower 
at long HRT (0.92 ± 0.04 molNaOH/molMCFA) than at short HRT (1.93 ± 0.31 molNaOH/
molMCFA). ese results not only show that EEO can be limited at long HRT but 
also that consumption of NaOH is hereby reduced. 
4.3.3   Consumption of VFAs and ethanol
Acetate, propionate and ethanol were consumed at both long and short HRT. 
However, whereas butyrate was consumed at long HRT (-0.9 ± 0.1 g/L/d), it was 
produced at short HRT (1.6 ± 1.1 g/L/d). is resulted in a lower n-butyrate 
concentration in the reactor at long HRT (5.6 ± 0.6 g/L) than at short HRT (10.8 
± 1.0 g/L). A net consumption of n-butyrate instead of production indicates that 
caproate production is more ecient in ethanol-use. is is because n-butyrate 
consumption (i.e. elongation) requires less ethanol than acetate elongation to 
caproate or ethanol upgrading. Whereas ethanol upgrading requires 3 moles of 
ethanol to produce 1 mole of n-caproate, VFA upgrading requires only 1.2 moles 
of ethanol from n-butyrate or 2.4 moles of ethanol from acetate [88]. Indeed, the 
chain elongation process at long HRT was more ecient in ethanol-use than at 
short HRT. Approximately two times less ethanol was consumed per produced 
MCFA at long HRT (0.87 ± 0.07 mol C/mol C) than at short HRT (1.83 ± 0.31 mol 
C/mol C). e VFA consumption per produced MCFA at both long (0.29 ± 0.04 
mol C/mol C) and short HRT (0.20 ± 0.07 mol C/mol C) were found to be similar. 
e concentration of ethanol in the reactor (and thus also in the euent) was 
much lower at long HRT (2.8 ± 1.1 g/L) than at short HRT (20.1 ± 1.6 g/L). e 
ethanol consumption eciency, therefore, dened as consumed ethanol relative to 
supplied ethanol, was higher at long HRT (98.6 ± 5.4 mol e %) than at short HRT 
(40.3 ± 3.5 mol e %). A high ethanol consumption eciency (or a low ethanol 
concentration in the euent) is desired because any unconsumed ethanol requires 
an additional recovery or treatment step aer the chain elongation stage which 
makes the overall process more expensive. e VFA consumption eciency 
was also higher at long HRT (45.8 ± 6.9 mol e %) than at short HRT (7.2 ± 2.3 
mol e %). Although VFAs are not as costly as ethanol, it is evident that a higher 
VFA consumption eciency is preferred because the remaining VFAs (e.g. aer 
selective extraction of the MCFAs) also have to be recovered or treated with a 
waste water treatment system.
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4.3.4   VSS 
e mean VSS concentration in the reactor at long HRT (0.34 ± 0.23 g/L) was 
similar compared to the mean VSS concentration in the reactor at short HRT (0.33 
± 0.03 g/L). ese reactor concentrations were in the same order of magnitude as 
the VSS concentrations in the euent (0.43 ± 0.32 g/L at long HRT and 0.35 ± 0.20 
g/L at short HRT), implying that the reactor was ideally stirred with no biomass 
retention (i.e. CSTR). Formation of granular sludge, however, was observed like 
in the earlier experiment with the same set-up while using a synthetic medium 
[53]. e earliest observation of granules (by eye visible) was on day 82, at short 
HRT. Granules disappeared within a few days aer the HRT was increased on day 
103. Because the formation of granular sludge coincided with high-rate syntrophic 
ethanol oxidation (at short HRT) it is likely that this syntrophic process attributed 
to sludge granulation. Syntrophic processes may benet from granulation because 
granules could facilitate a more ecient interspecies hydrogen transfer due to the 
decreased intermicrobial distances [65].
e mean VSS concentration in the inuent was 0.25 ± 0.06 g/L. From the 
mentioned values the VSS production rate and VSS specic growth rate were 
calculated (Table 4.1). Although one could expect a four times lower growth rate 
at long HRT (0.07 ± 0.16 g/g/d) than at short HRT (0.54 ± 1.0 g/g/d), there was no 
signicant dierence due to the large standard deviations.
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Table 4.1: Performance indicators and properties of the chain elongation process at long and at short 
HRT
Performance indicator Unit Long HRT [4 d] Short HRT [1 d]
Steady state characteristics
Steady state interval d 28 – 58 79 – 103
Number of HRTs - 7.5 24.3
Products
n-Caproate concentration g/L 23.4 ± 1.0 7.1 ± 0.9
n-Caproate rate g/L/d 5.5 ± 0.4 5.6 ± 0.9
n-Caproate selectivity mol e % 76.5 ± 5.0 44.6 ± 7.8
MCFA selectivity mol e % 81.6 ± 5.0 46.3 ± 8.0
Methane rate mmol/L/d 12.8 ± 2.6 43.8 ± 2.5
Substrates
Ethanol loading rate g/L/d 6.1 ± 0.2 30.6 ± 1.3
Ethanol concentration g/L 2.8 ± 1.1 20.1 ± 1.6
Ethanol rate g/L/d -6.0 ± 0.3 -12.3 ± 1.1
EEO g/L/d 0.9 ± 0.4 5.6 ± 1.4
EEO % of total ethanol use 14.7 ± 5.5 45.0 ± 9.7
Acetate rate g/L/d -1.0 ± 0.2 -0.8 ± 0.5
Propionate rate g/L/d -0.3 ± 0.0 -0.7 ± 0.1
n-Butyrate rate g/L/d -0.9 ± 0.1 1.6 ± 1.1
Substrate to product conversions
Consumed VFA per produced MCFA mol C/mol C 0.29 ± 0.04 0.20 ± 0.07
Consumed Ethanol per produced MCFA mol C/mol C 0.87 ± 0.07 1.83 ± 0.31
Consumption / production eciency
Ethanol consumption eciency mol e % 98.6 ± 5.4 40.3 ± 3.5
VFA consumption eciency mol e % 45.8 ± 6.9 7.2 ± 2.3
n-Caproate production eciency mol e % 58.7 ± 2.9 12.8 ± 2.1
MCFA production eciency mol e % 62.6 ± 2.9 13.3 ± 2.2
NaOH use
Sodium concentration in inuent [AFW] g/L 4.9 ± 0.1 4.8 ± 0.1
Sodium concentration in reactor g/L 9.1 ± 0.5 7.0 ± 0.0
Consumed NaOH per produced MCFA mol/mol 0.92 ± 0.04 1.93 ± 0.31
VSS
VSS concentration g/L 0.34 ± 0.23 0.33 ± 0.03
VSS rate g/L/d 0.02 ± 0.05 0.18 ± 0.33
Growth rate g/g/d 0.07 ± 0.16 0.54 ± 1.00
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4.4  Discussion
4.4.1 Continuous n-caproate production at a high concentration from 
acidified food waste
In this study, an eective two-stage MCFA production process from food waste and 
ethanol was developed. e microbiome in the second stage (chain elongation) was 
able to continuously produce n-caproate at 23.4 ± 1.0 g/L while EEO was limited 
to 14.7 ± 5.5 % of total ethanol consumption. is was achieved at long HRT (4 
d) and at near-neutral pH (6.8) but without in-line product extraction. us, a 
long HRT was shown to be eective for this specic waste stream. e n-caproate 
production rate was similar for both long and short HRT (~5.5 g/L/d) and was 
much lower compared to the highest reported n-caproate production rate to date 
(55.8 g/L/d) [25]. is high production rate, however, occurred at a substantially 
lower n-caproate concentration (9.3 g/L) than obtained in the present study. An 
overview of comparable studies that reported high n-caproate concentrations and/
or rates using open cultures is shown in Table 4.2.
Table 4.2: Overview of comparable studies that report high n-caproate concentrations and/or rates 
using open cultures.
Reactor type Substrate(s) pH HRT n-Caproate Reference
Concentration
[g/L]
Rate
[g/L/d]
Selectivity
[mol e %]
Continuously 
stirred anaerobic 
reactor
AFW and Ethanol 6.8 4 d 23.4 5.5 76.5 is study
Continuously 
stirred anaerobic 
reactor
AFW and Ethanol 6.8 1 d 7.1 5.6 44.6 is study
Batch reactor Lactate ~6.5 N.A. 23.4 1.1 81.4 [34]
Batch reactor Acetate and 
ethanol
~6.5 N.A. 21.1 N.D. 65.0 [90]
Continuous upow 
anaerobic lter
Acetate and 
ethanol
6.5–
7.2
4 h 9.3 55.8 ~78.0 [25]
Continuous upow 
anaerobic lter
Acidied food / 
garden waste and 
ethanol
6.5–
7.0
11 h 12.6 26.0 72.0 [27]
Continuous upow 
anaerobic lter
Acetate and 
ethanol
6.5–
7.0
17 h 11.1 15.7 85.0 [24]
N.A. = Not applicable
N.D. = Not determined
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A high n-caproate concentration is benecial for its separation from the 
fermentation broth. e obtained n-caproate concentration in the present study 
is more than twice as high as the maximum solubility of the undissociated form 
of n-caproate, n-caproic acid, in water (~10.8 g/L [94]). us, in theory, the high 
n-caproate concentration allows it to be separated from the euent by phase 
separation aer lowering the pH to 4.9 or lower. A recent study, executed by Zhu 
et al. (2015), also reported a high n-caproate concentration (23.4 g/L) using an 
anaerobic reactor microbiome [34]. e n-caproate was produced from lactate as 
the sole carbon source in a batch process using an inoculum that was derived from 
mature pit mud, a microbiome used for the production of Chinese strong-avored 
liquor. eir process reached a higher n-caproate selectivity (81.4 mol e %) than 
the process in the present study at long HRT (76.5 mol e %). However, the process 
in the present study achieved a slightly higher MCFA selectivity (81.6 mol e %) 
because it also produced other MCFAs (isocaproate, n-heptanoate and caprylate). 
Liu et al. (2017) also reported a high n-caproate concentration (21.2 g/L) from ethanol 
and acetate using an anaerobic reactor microbiome. ey were able to produce 
this in a batch process upon addition of biochar and 2-bromoethanesulfonate [90]. 
e maximum n-caproate selectivity was lower (65.0 mol e %) than the maximum 
n-caproate selectivity in the present study (76.5 mol e %). 
e studies by Zhu et al. (2015), and by Liu et al. (2017) already showed that 
high n-caproate concentrations (>20 g/L) can be reached using anaerobic reactor 
microbiomes. However, they were using synthetic media and batch systems. 
As such, the present study does not only show that such high concentrations 
can be obtained from organic residues, it also shows that this can be obtained 
in a continuous process and without the use of bioactive compounds such as 
2-bromoethanesulfonate. e organic residue that was used, food waste, is a 
suitable substrate for MCFA production not only because such conversion was 
recently subjected to a life cycle assessment [35] but also because it is currently 
being developed to a demonstration factory, processing ~40 ton / day, by 
ChainCra in Amsterdam, the Netherlands.
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4.4.2   Why was reactor performance so much better at long HRT than at 
short HRT? 
e performance of the chain elongation process was far better at long HRT 
than at short HRT. A long HRT did not only result in a higher concentration of 
MCFAs, it also led to a lower rate of syntrophic ethanol oxidation, a net n-butyrate 
consumption instead of production, and to less NaOH consumption for pH 
correction. Why was reactor performance so much better at long HRT? 
e dierence in MCFA concentration can be explained as follows: at long HRT, 
the microbiome had sucient time to accumulate MCFAs while these products 
were washed out (as euent) at a relatively low rate. is resulted in a high 
caproate concentration (23.4 ± 1.1 g/L). Vice versa, at short HRT, the microbiome 
had little time to accumulate MCFAs while these products were washed out at a 
relatively high rate. is resulted in a considerably lower caproate concentration 
(7.1 ± 0.9 g/L). Because production of n-caproate occurred at the same volumetric 
production rate at both long and short HRT (~5.5 g/L/d), it is a logical consequence 
that n-caproate reached a higher concentration at long HRT than at short HRT. 
e high n-caproate concentration could also be achieved because the process was 
not limited by availability of substrates as sucient ethanol (2.8 ± 1.1 g/L), acetate 
(4.2 ± 0.8 g/L) and n-butyrate (5.6 ± 0.6 g/L) was observed in the reactor. At short 
HRT, however, substantially more ethanol (20.1 ± 1.6 g/L), acetate (7.3 ± 0.5 g/L) 
and n-butyrate (10.8 ± 1.0 g/L) was observed but no higher MCFA production 
rates. is seems to be limited by the biomass concentration or by the high (i.e. 
inhibitory) ethanol concentration [57]. 
Syntrophic ethanol oxidation was more limited at long HRT than at short HRT. 
Two explanations can be given: rstly, the low ethanol concentration at long HRT 
may have resulted in a low rate of EEO. Vice versa, the high ethanol concentration 
at short HRT may have resulted in a high rate of EEO. However, a previous chain 
elongation study showed that ethanol loading rate and ethanol concentration does 
not substantially inuence reactor performance as long as ethanol is not depleted 
[88]. Secondly, the high MCFA concentration may have caused an inhibitory 
eect on (one of) the involved competing syntrophs (i.e. ethanol oxidizers and 
hydrogenotrophic methanogens). It is known that undissociated MCFAs are toxic 
to microorganisms because they can damage the cell membrane [95]. e average 
undissociated MCFA concentration at long HRT (at pH 6.8) was 0.27 g/L. Ge et 
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al. (2015) determined that chain elongation proceeds until a toxic limit of 0.87 g/L 
undissociated n-caproic acid is reached [56] although recent work demonstrated 
chain elongation activity up to 1.46 g/L undissociated n-caproic acid [31]. 
Because chain elongating microorganisms were producing MCFAs at ~5.8 g/L/d 
in the present study, evidently these organisms were not rigorously inhibited by 
the undissociated MCFAs. It is well possible, however, that these undissociated 
MCFAs (at 0.27 g/L) were selectively inhibitory to either ethanol oxidizers or 
hydrogenotrophic methanogens. is would explain the limited rate of syntrophic 
ethanol oxidation at long HRT compared to a short HRT while chain elongation 
could proceed at a similar rate at both HRTs. It is also possible that the dissociated 
form of n-caproate was selectively inhibitory to one of the syntrophs. is means 
that dissociated n-caproate (i.e. the conjugate base) becomes toxic to ethanol 
oxidizers or hydrogenotrophic methanogens at a concentration around 20 g/L.
e data is not consistent to point out whether hydrogenotrophic methanogens 
or ethanol oxidizers were more inhibited at long HRT: whereas the rst steady 
state at long HRT (day 28 to day 58) had a pH2 below the detection limit of the 
gas chromatograph (< 0.1 %), the second steady state at long HRT (day 138 to day 
147) had a pH2 of up to 30 %. is means that the data from the rst steady state 
suggests that ethanol oxidizers were more inhibited whereas data from the second 
steady state suggests that hydrogenotrophic methanogens were more inhibited. 
To what extent n-caproic acid and n-caproate is toxic to hydrogenotrophic 
methanogens and ethanol oxidizers could be elucidated in further studies. In any 
way, irrespective how syntrophic ethanol oxidation was limited, it is clear from 
the results that longer HRTs should be applied in chain elongation processes 
at near-neutral pH to allow n-caproate accumulation and to limit the rate of 
syntrophic ethanol oxidation. is limited rate of syntrophic ethanol oxidation 
results in a more ecient use of ethanol, more VFA consumption and in less base 
addition for pH control and as such, in a more eective chain elongation process.
4.4.3  Methanogenic UASB sludge can acclimate into a reactor microbiome 
that is able to produce n-caproate at high concentrations
is study can be compared with a previous study [27]. Both studies focused on 
two-stage MCFA production from organic residues and ethanol using anaerobic 
reactor microbiomes. In the previous study, a continuous chain elongation process 
was operated at similar pH (6.5 - 7.0) but at shorter HRT than in the present 
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study (11 h instead of 1 and 4 d). is resulted in a lower maximum n-caproate 
concentration (12.6 g/L) and selectivity (72.0 mol e %). Besides, n-butyrate was 
produced instead of consumed, indicating that the process was not ecient in 
ethanol use. A hypothesis is that the process in the previous study could have 
performed better, including a high n-caproate concentration, if both the HRT 
and the ethanol concentration in the inuent were increased. Of course, the 
origin of the inoculum may also have an eect on reactor performance because 
this determines which pathways or microorganisms are introduced and to what 
extent the initial microbiome is acclimated. e inoculum used by Grootscholten 
et al. (2014) and also the inoculum used in the present study were both eventually 
derived from a study executed by Steinbusch et al. (2010), who used granular 
sludge from an upow anaerobic sludge blanket (UASB) reactor treating brewery 
wastewater [23]. is shows that high n-caproate concentrations can be obtained 
using various types of inocula and not only with mature pit mud (e.g. ref [34]) or 
with mesophilic sludge from an anaerobic reactor treating paper mill wastewater 
(e.g. ref [90]). Under the right circumstances (e.g. as described in this study), UASB 
sludge from a methanogenic reactor will likely acclimate within a matter of weeks 
to a reactor microbiome that is able to produce n-caproate at high concentrations 
(> 20 g/L).
4.4.4   Consumption of food waste, ethanol and base in the overall 
two-stage system
In this study, MCFAs were produced from food waste and ethanol using a 
two-stage system. In the hydrolysis and acidogenesis stage, part of the food waste 
was converted into VFAs while some MCFAs were also produced. In the chain 
elongation stage, a part of the VFAs from the hydrolysis and acidogenesis stage 
were converted with additional ethanol into MCFAs while some ethanol was also 
used for ethanol upgrading. Both stages required NaOH addition to keep the pH 
constant in the reactors. 
Based on the results of this study it was possible to calculate how much food 
waste (expressed as g VS), ethanol and NaOH would be consumed to yield 1000 
g MCFAs. is was done for two scenarios; at long and at short HRT in the chain 
elongation stage. Equations are shown in Table S4.3. Parameters that were used as 
input for the equations are shown in Table S4.4 and were based on:
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I)   Observed conversions and average NaOH consumption in the 
hydrolysis and acidogenesis stage (VFA yield on VS, MCFA yield 
on VS, consumed NaOH per consumed VS)
II)   Observed steady state conversions and NaOH consumption 
in the chain elongation stage (consumed VFAs per produced 
MCFAs, consumed ethanol per produced MCFAs, consumed 
NaOH per consumed ethanol)
III)  Average MCFA composition in the chain elongation stage 
(average carbon atoms per produced MCFAs, average molar 
weight of produced MCFAs)
A graphical representation on how much food waste (in g VS), ethanol and NaOH 
would be consumed to yield 1000 g MCFAs at long and short HRT in the chain 
elongation stage is shown in Figure 4.2.
Chain elongation
1000 g MCFAs
1013 g Ethanol
307 g NaOH
Long HRT
Hydrolysis &
acidogenesis
419 g VS
Food waste
136 g NaOH
AFW
Chain elongation
1000 g MCFAs
2136 g Ethanol
651 g NaOH
Short HRT
Hydrolysis &
acidogenesis
296 g VS
Food waste
96 g NaOH
AFW
a)
b)
Figure 4.2: Graphical representation on how much food waste (g VS), ethanol and NaOH would be 
consumed to yield 1000 g MCFAs in the two-stage system at long HRT (a) and at short HRT (b) in the 
chain elongation stage.
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To produce 1000 g MCFAs, the two-stage system with a long HRT in the chain 
elongation stage would consume 53 % less ethanol, 41 % less NaOH and 42 % more 
VS compared to a two-stage system with a short HRT in the chain elongation stage. 
is does not only show that a long HRT in the chain elongation stage result in a 
more ecient consumption of ethanol and base in the chain elongation stage itself, 
it also shows that base consumption is hereby reduced in the overall two-stage 
system. Unfortunately, such quantication on waste-use and chemical-use is not 
common in chain elongation studies to date. 
Addition of ethanol could be minimized or even completely avoided by steering 
the hydrolysis and acidogenesis stage to MCFAs and/or lactate production. In 
this study, for example, 1.6 g/L n-caproate was produced in the hydrolysis and 
acidogenesis stage without addition of an external electron donor. Lim et al. 
(2008) also demonstrated production of n-caproate (up to 5 g/L) from food waste 
without an external electron donor [96]. Xu et al. (2017) demonstrated conversion 
of acid whey waste into MCFAs via lactate [30] using a two-stage system; also 
without an external electron donor. is shows that the eectiveness of MCFA 
production processes from diverse organic waste streams can be further improved 
by optimizing the hydrolysis and acidogenesis stage. Studies should also report 
on how much base or acid or electricity was used for pH control for a better 
comparison in terms of eectiveness.
Chemical base consumption could be fully eliminated through membrane 
electrolysis using electricity and separation of fatty acids, as was demonstrated 
by Anderson et al. (2015) [97]. ey fermented thin stillage into VFAs and 
MCFAs using a membrane electrolysis system and no chemical pH control. 
Such system, however, consumes a substantial amount of energy. Based on 
their experiments, they estimated a power input of 2 kWh per produced kg 
CODfatty acids. e developed two-stage system in the present study, at long HRT, 
consumed 0.22 kg NaOH per produced kg CODfatty acids. Assuming an electricity 
consumption of 3 kWh/kg NaOH via the chloralkali process [98], the two-stage 
system would require less energy for pH control per produced kg COD (0.67 kWh 
/ kg CODfatty acids) compared to the in-site membrane electrolysis system. However, 
whereas the membrane electrolysis system already separated fatty acids from the 
fermentation broth, the two-stage system would require an additional product 
separation step to be comparable in electricity consumption. 
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Eective MCFA production from organic waste can be further developed by 
reducing the need for chemicals and/or electricity. Possibly, also water-use can 
be reduced too since the two-stage system used a substantial amount of water to 
dilute the waste before use as fermentation feed. e presented scenario in the 
present study, as well as the mentioned alternative scenarios (e.g. ref [96], [30] and 
[97]) can be optimized and assessed with a case-specic life cycle assessment to 
make a complete justied discussion on the total environmental impact.
4.4.5   Future outlook 
In a previous study, it was shown that EEO in a chain elongation process can be limited 
to 15.9 % of total ethanol consumption by reducing the CO2 loading rate to 0.5 LCO2/
L/d [88]. In the present study, an alternative strategy to suppress EEO is provided: 
by applying a long HRT, EEO was limited to a similar extent (14.7  %). A major 
advantage of this strategy is that the n-caproate concentration can become much 
higher. By further increasing the HRT possibly higher n-caproate concentrations can 
be reached. is could potentially lead to even more limited rate of EEO and thus 
base consumption in the chain elongation process. Of course, this is only feasible 
when the process is not limited in substrates (ethanol and VFAs) and CO2. 
Based on this study and the availability of 88 million ton wet food waste per year 
in the European Union [6], the developed process has the prospects to produce 29 
million ton MCFAs per year. is was calculated using the ratios in Figure 4.2 (at 
long HRT) and by assuming that wet food waste has the same VS content as in this 
study; calculations are shown in the Supporting information. e required ethanol 
(~311 million barrels) would be 37 % of total annual global ethanol production (~844 
million barrels [99]). e required electrical power for NaOH production (38.4 
tWh) would be 13 % of total annual wind energy production in Europe (305.8 tWh 
[100]). Aer selective extraction of the MCFAs, they can be further processed into 
a fuel (i.e. a mixture of hydrocarbons) via Kolbe electrolysis [85] [101]. Assuming 
no losses during extraction and a theoretical eciency of 0.61 ghydrocarbons/gMCFA in the 
Kolbe electrolysis process and a fuel density of 0.73 g/cm3, it is possible to produce 
~202 million barrels of fuel per year. is is approximately 7 % of the nowadays 
annual aviation fuel consumption (~2710 million barrels [102]). 
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4.5  Supporting Information
Table S4.1: Mean steady state values at long HRT (day 28 - 58).
Compound Concentration Rate Selectivity Selectivity 
[mmol·L-1] [mmol·L-1·d-1] [mol e %] [mol C %]
Ethanol     61.4 ± 23.6 -130.8 ± 6.9 N.A. N.A.
Propanol     1.1 ± 1.0       0.3 ± 0.3 0.3 0.2
Acetate     70.6 ± 12.9   -15.9 ± 2.9 N.A. N.A.
Propionate     6.0 ± 0.8     -4.5 ± 0.1 N.A. N.A.
Isobutyrate     5.4 ± 0.5     -0.4 ± 0.1 N.A. N.A.
n-Butyrate   64.1 ± 7.3     -9.9 ± 1.6 N.A. N.A.
Isovalerate     3.8 ± 0.3     -0.1 ± 0.1 N.A. N.A.
n-Valerate   16.2 ± 4.4      3.0 ± 1.2 3.9 4.0
Isocaproate     0.9 ± 0.2      0.2 ± 0.1 0.4 0.4
n-Caproate 201.3 ± 8.7    47.1 ± 3.1 76.5 76.2
n-Heptanoate     4.3 ± 1.7       1.1 ± 0.4 2.1 2.0
n-Caprylate     4.7 ± 1.0       1.2 ± 0.3 2.6 2.5
CO2            52.7 ± 20.1 % *    -22.1 ± 1.8 N.A. N.A.
CH4            37.7 ± 14.7 % *     12.8 ± 2.6 5.2 3.5
H2 <0.1 % * N.A. N.A.
Unidentied 9.1 11.2
Table S4.2: Mean steady state values at short HRT (day 79 - 103).
Compound Concentration Rate Selectivity Selectivity 
[mmol·L-1] [mmol·L-1·d-1] [mol e %] [mol C %]
Ethanol   437.3 ± 34.0  -267.6 ± 23.5 N.A. N.A.
Propanol     0.7 ± 0.9     0.7 ± 0.9 0.4 0.3
Acetate 122.1 ± 8.6  -13.1 ± 8.3 N.A. N.A.
Propionate   15.5 ± 1.0    -9.2 ± 1.5 N.A. N.A.
Isobutyrate      6.2 ± 0.4    -0.9 ± 0.4 N.A. N.A.
n-Butyrate    122.8 ± 11.3     18.3 ± 12.4 11.0 12.1
Isovalerate     4.0 ± 0.3    -0.5 ± 0.3 N.A. N.A.
n-Valerate     9.4 ± 1.1     4.3 ± 0.9 3.2 3.4
Isocaproate     0.4 ± 0.1     0.4 ± 0.1 0.4 0.4
n-Caproate   60.7 ± 7.8   48.1 ± 7.5 44.6 46.0
n-Heptanoate      0.6 ± 0.1     0.6 ± 0.1 0.6 0.6
n-Caprylate      0.5 ± 0.1     0.5 ± 0.1 0.7 0.7
CO2            5.4 ± 3.0 % *  -37.2 ± 0.1 N.A. N.A.
CH4            77.0 ± 42.0 % *   43.8 ± 2.5 10.2 7.0
H2 <0.1 % * N.A. N.A.
Unidentied 29.0 29.5
* Concentrations of gaseous compounds (CO2, CH4, H2) are shown as percentage in the headspace 
at 1 atm.
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Table S4.3: Equations to determine how much food waste (FW; expressed in g volatile solids), ethanol 
(EtOH) and sodium hydroxide (NaOH) would be consumed to yield 1000 g MCFAs in the two-stage 
system.
Compound Unit Equation 
Food waste (FW) g VS 𝐹𝐹𝐹𝐹 = $
1000	g	MCFA
𝑀𝑀𝐹𝐹....../012
· 𝐶𝐶/̅012 − 𝑌𝑌/012
18
· FW: · ;
r=12
𝑟𝑟/012
; ·
1
𝑌𝑌=12
18
 
Ethanol (EtOH) g 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = $
1000	g	MCFA
𝑀𝑀𝐹𝐹....../012
· 𝐶𝐶/̅012 − 𝑌𝑌/012
18
· FW: · ;
rCDEF
𝑟𝑟/012
; ·
𝑀𝑀𝐹𝐹CDEF
𝐶𝐶CDEF
 
NaOH (Hydrolysis and 
acidogenesis stage) g 𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸 = 	𝐹𝐹𝐹𝐹 ·
∆JKEF
∆18
  
NaOH (Chain elongation stage) g 𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸 = 	𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 ·
𝑟𝑟JKEF
𝑟𝑟CDEF
 
 
Table S4.4: Parameters that we used as input for the equations in Table S4.3 to determine how much 
food waste (in g VS), ethanol (EtOH) and sodium hydroxide (NaOH) would be consumed to yield 
1000 g MCFAs in the two-stage system. 
Parameter description Symbol unit Value HRT = 4 d 
Value 
HRT = 1 d 
Hydrolysis and acidification stage     
VFA yield on FW 𝑌𝑌"#$
#%
 mol C/g VS 35.14 · 10-3 35.14 · 10-3 
MCFA yield on FW 
𝑌𝑌&'()
(*
  
mol C/g VS 3.39 · 10-3 3.39 · 10-3 
Consumed NaOH per  
consumed FW 
∆𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
∆𝐹𝐹𝐹𝐹
 g/g VS 0.32 0.32 
Chain elongation stage i     
Consumed VFAs per produced MCFAs 
r"#$
𝑟𝑟45#$
 mol C/mol C 0.29 0.20 
Consumed ethanol per produced MCFAs 
r6789
𝑟𝑟45#$
 mol C/mol C 0.87 1.83 
Average carbon atoms per produced MCFAs ?̅?𝐶45#$ C-atoms/mol 6.07 6.03 
Average molar weight of produced MCFAs 𝑀𝑀𝐹𝐹======45#$ g/mol 117.13 116.61 
Consumed NaOH per consumed ethanol 
𝑟𝑟>?89
𝑟𝑟6789
 g/g 0.30 0.30 
Constants     
Molar weight of ethanol 𝑀𝑀𝐹𝐹6789 g/mol 46.07 46.07 
Carbon atoms per mole ethanol 𝐶𝐶6789 C-atoms/mol 2 2 
 
i Values are based on steady state data.
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Future Outlook: Calculations
MCFA production from wet food waste:
88 mln ton wet food waste / yr · (13.8 g VS / 100 g wet food waste)i · (1000 g 
MCFAs / 419 g VS)i = 28.9 mln ton MCFAs / yr
Required ethanol for MCFA production:
29 mln ton MCFAs / yr · 1000 · (1013 g ethanol / 1000 g MCFA)i / (0.789 kg / L) / 
(119.2 L / barrel) = 311.1 mln barrels ethanol / yr
Required NaOH for MCFA production:
29 mln ton MCFAs / yr · ((136 g NaOH + 307 g NaOH) / 1000 g MCFA)1 = 12.8 
mln ton NaOH / yr
Required electricity to produce NaOH for MCFA production:
12.8 mln ton NaOH / yr · (3 kWh / kg NaOH)ii = 38.4 · 1000 mln kW h / yr = 38.4 
TW h / yr
Fuel production from MCFAs:
29 mln ton MCFAs / yr · 1000 · (0.61 g hydrocarbon / g MCFA)iii / (0.73 kg / L)iii / 
(119.2 L / barrel) = 202 mln barrels fuel / yr 
i Values based on this study (Figure 4.2)
ii Electricity consumption through the Chlorialkali process
iii Assumption / theoretical eciency
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CHAPTER 5
Eect of n-Caproate Concentration 
on Chain Elongation and 
Competing Processes
Abstract
Chain elongation is an open-culture fermentation process that facilitates 
conversion of organic residues with an additional electron donor, such as ethanol, 
into valuable n-caproate. Open-culture processes are catalyzed by an undened 
consortium of microorganisms which typically also bring undesired (competing) 
processes. Inhibition of competing processes, such as syntrophic ethanol oxidation, 
will lead to a more selective n-caproate production process. In this study, we 
investigated the eect of n-caproate concentration on the specic activity of chain 
elongation and competing processes using batch inhibition assays. With ‘synthetic 
medium sludge’ (originally operating at 3.4 g/L n-caproate), syntrophic ethanol 
oxidation was proportionally inhibited by n-caproate until 45 % inhibition at 20 
g/L n-caproate. Hydrogenotrophic methanogenesis was for 58 % inhibited at 20 g/L 
n-caproate. Chain elongation of volatile fatty acids (volatile fatty acid upgrading; 
the desired process), was completely inhibited at 20 g/L n-caproate with all tested 
sludge types. ‘Adapted sludge’ (operating at 23.2 g/L n-caproate) showed a 10 
times higher volatile fatty acid upgrading activity at 15 g/L n-caproate compared 
to ‘non-adapted sludge’ (operating at 7.1 g/L n-caproate). is shows that open 
cultures do adapt to perform chain elongation at high n-caproate concentrations 
which likely inhibits syntrophic ethanol oxidation through hydrogenotrophic 
methanogenesis. As such, we provide supporting evidence that the formation of 
n-caproate inhibits syntrophic ethanol oxidation which leads to a more selective 
medium chain fatty acid production process.
Published as: Roghair M, Liu Y, Adiatma JC, Weusthuis RA, Bruins ME, Buisman CJN, Strik DPBTB: 
Eect of n-Caproate Concentration on Chain Elongation and Competing Processes. ACS Sustainable 
Chem Eng 2018, 6:7499-7506. 
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5.1  Introduction
Organic residual streams, such as food waste, have great potential as alternative 
resource for production of fuels and chemicals. ese residues are conventionally 
anaerobically digested to produce methane for electric power and/or heat 
production [17]. Methane, however, has a low monetary value. Producing 
higher-value products than methane, therefore, is gaining increasing interest. 
Among these higher-value products, particularly medium chain fatty acids 
(MCFAs), such as caproic acid and heptanoic acid are interesting because MCFAs 
can be used for a wide variety of applications (e.g. aviation fuels, lubricants, feed 
additives). Moreover, like methane, MCFAs are also produced through open-culture 
anaerobic reactor microbiomes. Open-culture processes are catalysed by an 
undened consortium of microorganisms. is is dierent from pure culture or 
dened co-culture processes, which are catalysed by only one (or more) known 
species with known pathways. e advantage of open-culture processes is that 
they handle a mixture of residual streams without the need for sterilisation. e 
technological challenge is to control the mixed microbial population within the 
microbiome to produce MCFAs selectively from the substrates.
MCFA production from organic residues by open-cultures occurs via two 
subsequent processes which can be combined or performed separately. First, 
organic residues are hydrolysed by hydrolytic enzymes and acidied by acidogenic 
bacteria, resulting in production of volatile fatty acids (VFAs) such as acetate, 
propionate and butyrate. Second, these VFAs are converted together with an 
electron donor, such as ethanol, into MCFAs through chain elongation. is 
conversion is performed by chain elongating micro-organisms (e.g. Clostridium 
kluyveri) that use the reverse β-oxidation pathway (Eq 5.1) [21]. Chain elongation 
with open cultures is an emerging application that can handle many organic 
feedstocks at various conditions and reactor congurations [18].
Reverse β-oxidation pathway:
 (Eq 5.1)
Here, we focus on ethanol-based chain elongation which is catalyzed by anaerobic 
open-cultures. ese open-cultures include not only chain elongating microorganisms 
but also other functional groups of microorganisms. ese other functional groups 
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can degrade the substrates and products into undesired metabolites. is makes 
their presence and activity detrimental to the MCFA selectivity of chain elongation 
processes. e challenge, therefore, is to nd process conditions that reduce 
their activity through a selection pressure like inhibition. Inhibition is preferably 
performed without the use of bioactive chemicals (e.g. 2-bromoethanesulfonate or 
iodoform as methanogenic inhibitor) so that the non-converted organics from the 
process can be used as soil fertilizer upon composting. We recognize the following 
competing processes in chain elongation [27] [88]:
Acetotrophic methanogenesis:
 (Eq 5.2)
Anaerobic acetate oxidation:
 (Eq 5.3)
Excessive ethanol oxidation (EEO)
 (Eq 5.4)
Hydrogenotrophic methanogenesis
 (Eq 5.5)
Syntrophic ethanol oxidation: 
 (Eq 5.6)
Understanding the role of competing processes and how they can be suppressed 
is essential to establish a selective MCFA production process. For example, 
acetotrophic methanogenesis degrades acetate into methane and CO2 (Eq 
5.2). is process is performed by acetotrophic methanogens. Acetotrophic 
methanogenesis was shown to be largely inhibited at slightly acidic pH (5.5) in 
chain elongating processes [19]. When working at near-neutral pH, which is 
more favorable for these methanogens, they could be outselected by applying a 
combination of sucient hydraulic shear force and a low hydraulic retention time 
(HRT) to respectively detach and wash out these slow-growing methanogens [24]. 
Anaerobic oxidation of fatty acids occurs though β-oxidation of fatty acids into 
acetate and hydrogen (and also CO2 in the case of propionate oxidation). Acetate 
can be further oxidized into CO2 and hydrogen (Eq 5.3). Anaerobic oxidation of 
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fatty acids is performed by acetogenic bacteria and can be thermodynamically 
inhibited at a hydrogen partial pressure (pH2) of >0.007 % at standard conditions 
[88]. Excessive ethanol oxidation (EEO) occurs through direct anaerobic oxidation 
of ethanol into acetate and hydrogen (Eq 5.4). is process is considered to be 
performed by ethanol-oxidizing microorganisms which do not perform chain 
elongation. Suppression of EEO is important not only because this process leads 
to an inecient use of ethanol but also because it acidies the fermentation broth. 
Because of this acidifying eect, EEO requires extra base addition which increases 
operating expenses [103]. EEO can be thermodynamically inhibited at a hydrogen 
partial pressure (pH2) of ≥ 14 % at standard conditions [88]. Such high pH2 pressures, 
however, are not common in chain elongation processes because hydrogen is 
typically consumed through hydrogenotrophic methanogenesis (Eq 5.5). In our 
previous study [88], we showed that EEO and hydrogenotrophic methanogenesis 
are coupled processes. e overall reaction can be referred to as syntrophic ethanol 
oxidation (Eq 5.6). Syntrophic ethanol oxidation can be limited by reducing 
the available amount of CO2. is has been shown to limit hydrogenotrophic 
methanogenic activity and the resulting higher pH2 thermodynamically inhibits 
EEO [27] [29] [103]. CO2 loading rate may be dicult to control, however, when 
working with (hydrolyzed and acidied) organic residues. is is because CO2 is 
produced during acidication of hydrolyzed residues and the presence of this CO2 
in the feed may complicate the actual CO2 supply to the chain elongation process. 
Even though acidication and chain elongation can be separated, dissolved CO2 
could still complicate the control over the actual CO2 supply. As such, alternative 
methods to limit EEO in chain elongation are needed.
In a previous study, an alternative method to inhibit EEO may have been shown; 
by operating a continuous chain elongation process at long HRT (4 d), EEO was 
limited to 0.9 g/L/d (14.7 % of total ethanol consumption) while n-caproate was 
produced at a high concentration (23.4 g/L) [103]. In contrast, at short HRT (1 d), 
EEO occurred at a higher rate (5.6 g/L/d; 45.0 % of total ethanol consumption) 
while n-caproate was produced at a lower concentration (7.1 g/L). A hypothesis 
is that the high n-caproate concentration may have had a selective inhibitory 
eect on one of the competing syntrophs (ethanol oxidizers or hydrogenotrophic 
methanogens). Note that we refer to n-caproate as both forms together, 
undissociated n-caproic acid and dissociated n-caproate, and that we refer to each 
specic form when appropriate.
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It is well known that MCFAs are toxic to microorganisms because they can 
damage the cell membrane [95]. Gram-positive bacteria and methanogens tend 
to be more easily inhibited by long chain fatty acids (LCFAs) than Gram-negative 
bacteria [104]. Selective inhibition of MCFAs on competing functional groups of 
microorganisms may be an alternative strategy to suppress competing processes 
to enhance the MCFA selectivity. High MCFAs concentrations, however, may 
also inhibit chain elongation itself. To circumvent potential MCFA toxicity, in situ 
MCFA extraction was applied which showed to enhance n-caproate production 
[56]. ese results were used to clarify that MCFAs inhibit chain elongating 
microorganisms. A systematic investigation of the inhibitory eect of n-caproate 
on chain elongation and competing processes in chain elongation microbiomes 
has not been reported to date. 
In this study, we investigated the eect of n-caproate concentration on the specic 
activities of chain elongation microbiomes in two experiments. Firstly, we studied 
the eect of n-caproate on the specic activity of ve processes: 1) chain elongation 
(VFA upgrading), 2) syntrophic ethanol oxidation, 3) hydrogenotrophic 
methanogenesis, 4) acetotrophic methanogenesis, and 5) anaerobic acetate 
oxidation. is was performed using sludge from a continuous chain elongation 
process that operated at 3.4 g/L n-caproate. Secondly, we extended the experiment 
for chain elongation comparing two types of sludge to study the potential 
adaptation of chain elongation microbiomes to high n-caproate concentrations. 
One sludge type originally operated at 7.1 g/L caproate (non-adapted sludge) 
whereas the other sludge type originally operated at 23.2 g/L n-caproate (adapted 
sludge).
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5.2  Materials and methods
An overview of the experimental design is reported in Table 5.1. 
5.2.1   Media preparation
All liquid media were initially prepared the same way by adding salts, vitamins, 
trace elements and yeast extract to deoxygenated water [53]. For NH4(H2)PO4, we 
used 1.8 g/L instead of 3.6 g/L. Buering agents were also added: 200 mM MES 
(VWR, the Netherlands), 200 mM BISTRIS (Sigma-Aldrich, the Netherlands) 
and 10 mM PIPPS (98.4 %, Merck Millipore, USA). For the rst experiment, ve 
dierent media were prepared. us, aer buers were added, the mixture was 
divided into ve fractions. e fraction used to monitor chain elongation (VFA 
upgrading) was supplemented with 11.5 g/L ethanol (Absolute, VWR, France) and 
3 g/L propionic acid (≥ 99.5 %, Sigma-Aldrich). With this ethanol concentration, 
ethanol toxicity is avoided [57]. e fraction used to monitor syntrophic ethanol 
oxidation was supplemented with 11.5 g/L ethanol. e fraction used to monitor 
acetotrophic methanogenesis and anaerobic acetate oxidation was supplemented 
with 2 g/L acetic acid (99.9  %, VWR, France). e fraction used to monitor 
hydrogenotrophic methanogenesis was not supplemented with a substrate. Each 
fraction used to monitor a specic process was again divided into 4 smaller 
fractions to add n-caproic acid (≥ 98 %, Sigma-Aldrich) to concentrations of 0 
(control), 10, 15 and 20 g/L. For the second experiment, we added one assay in 
which n-caproic acid was added up to 25 g/L. Finally, the pH of all assays were 
adjusted to 6.8 with 5M NaOH. 
5.2.2   Methods
Batch inhibition assays were performed in 125 or 250 mL serum bottles. e bottles 
were lled with 45.0 g medium under anaerobic conditions. Aer lling, bottles 
were closed with a rubber stopper and an aluminium crimp seal. e headspaces 
of the bottles for chain elongation (VFA upgrading), syntrophic ethanol oxidation, 
acetotrophic methanogenesis and anaerobic acetate oxidation were ushed and 
pressurized to 1.5 bar with a mixture of N2/CO2 (80/20 %). Likewise, the headspaces 
of the bottles for hydrogenotrophic methanogenesis were ushed and pressurized 
to 1.5 bar with a mixture of H2/CO2 (80/20 %). Aer preparation, bottles were 
inoculated with a fresh inoculum (5 mL) using a needle and syringe. 
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In the rst experiment, bottles were inoculated with ‘synthetic medium sludge’. 
Synthetic medium sludge was directly derived from a running continuous chain 
elongation process that converted synthetic substrates (propionate and ethanol) 
into MCFAs at 3.4 g/L n-caproate [53]. Based on a carbon ux analysis (e.g. ref 
[88]), we determined that synthetic medium sludge contained chain elongating 
microorganisms, ethanol oxidizers and hydrogenotrophic methanogens. 
In the second experiment, bottles were inoculated with ‘non-adapted sludge’ or 
‘adapted sludge’. Both sludge types were directly derived from a running continuous 
chain elongation process that converted acidied food waste and ethanol into 
MCFAs [103]. Whereas non-adapted sludge operated at 7.1 g/L n-caproate (day 
103), adapted sludge operated at 23.2 g/L n-caproate (day 124) [103]. Properties 
of the used inocula, including VSS concentrations, sodium concentrations, 
n-caproate concentrations and original average specic activities in reactor, are 
reported in Table 5.2. Specications on process conditions that conditioned the 
inocula are reported in the supporting information.
Aer inoculation, bottles were incubated at 30 °C at 100 rpm in a rotary shaker 
(New Brunswick Scientic Innova 44). Contents of the bottles were daily analysed 
on headspace pressure, headspace composition, fatty acids and alcohols. All assays 
were conducted in duplicate.
5.2.3   Determination of specific activity
e activity of syntrophic ethanol oxidation, acetotrophic methanogenesis and 
hydrogenotrophic methanogenesis was based on the maximum slope of methane 
production vs. time divided by the initial VSS concentration. e activity of anaerobic 
acetate oxidation was based on the maximum slope of hydrogen production vs. 
time divided by the initial VSS concentration. e activity of chain elongation 
was based on the maximum slope of n-valerate plus n-heptanoate production 
vs. time divided by the initial VSS concentration. Chain elongation activity was 
based on the production of odd-numbered fatty acids and not on production 
of even-numbered fatty acids. is was performed to determine a measure of 
chain elongation activity that is independent of other active functional groups of 
microorganisms. Whereas odd-numbered fatty acids can only be produced through 
VFA upgrading (chain elongation of added VFAs), even-numbered fatty acids 
can also be produced through ethanol upgrading (in situ ethanol oxidation into 
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acetate and subsequent chain elongation into even-numbered fatty acids). Because 
ethanol upgrading is not only mediated by chain elongating microorganisms but 
also by ethanol oxidizers and hydrogenotrophic methanogens [88], we quantied 
only the odd numbered chain elongation products (n-valerate and n-heptanoate) 
by VFA upgrading as a measure for chain elongation activity.
Undissociated n-caproic acid concentrations were calculated from the observed 
n-caproate concentrations and pH values (during the maximum specic activity) 
using the Henderson-Hasselbalch equation. 
5.2.4   Analytical techniques
Alcohols (C2-C6) and fatty acids (C2-C8) were analyzed by gas chromatography 
[105]. Gaseous compounds were determined by gas chromatography [106]. 
Sodium was measured by ion chromatography [107]. VSS measurements were 
performed in the same way as before [53].
5.3  Results
5.3.1  n-Caproate concentration affects chain elongation and competing 
processes using ‘synthetic medium sludge’
e eect of n-caproate concentration on the maximum specic activities of 
various processes was investigated with ‘synthetic medium sludge’ as inoculum. 
Processes that were investigated were: VFA upgrading, syntrophic ethanol 
oxidation, hydrogenotrophic methanogenesis, acetotrophic methanogenesis and 
anaerobic acetate oxidation. Hereby we note that VFA upgrading is the desired 
chain elongation process that leads to a selective MCFA production process. Results 
of this batch inhibition assay that showed an eect of n-caproate are graphically 
summarized in Figure 5.1a and b. Numerical values of average specic activities 
are reported in Table 5.2 and proles of product production are presented in the 
supporting information (Figures S5.1-5.3).
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Figure 5.1: Results of batch inhibition assays; initial n-caproate concentration vs. observed activity 
(a) and relative activity (b) of various processes using synthetic medium sludge as inoculum. Synthetic 
medium sludge was grown converting synthetic substrates (propionate and ethanol) at 3.4 g/L 
n-caproate. Values indicate averages of duplicates and bars indicate range of duplicates (oen too 
small to be visual). T = 30 °C, pH = 6.8 (buered).
e eect of n-caproate on both acetotrophic methanogenesis and anaerobic 
acetate oxidation could not be determined because these processes did not occur in 
the controls (0 g/L n-caproate) or in the experimental assays. Likely, acetotrophic 
methanogens and acetogenic bacteria were not substantially present in the sludge. 
Evidently, n-caproate inhibited all other quantied processes in the tested 
range (Figure 5.1). e activity of VFA upgrading (i.e. specic n-valerate plus 
n-heptanoate activity) in the control was 798 mmol C/gVSS/d and was for 90 % 
inhibited at 10 g/L n-caproate. Remarkably, at 15 and 20 g/L n-caproate, VFA 
upgrading was completely inhibited. VFA upgrading was the most sensitive 
process for n-caproate inhibition compared to syntrophic ethanol oxidation and 
hydrogenotrophic methanogenesis. e activity of syntrophic ethanol oxidation in 
the control was 97 mmol C/gVSS/d and was proportionally inhibited by n-caproate 
until 45 % inhibition at 20 g/L n-caproate. Syntrophic ethanol oxidation was the 
least sensitive process to n-caproate inhibition. Hydrogenotrophic methanogenic 
activity in the control was 295 mmol C/gVSS/d and was not inhibited at 10 and 
15 g/L n-caproate. However, at a higher 20 g/L n-caproate, hydrogenotrophic 
methanogenesis was indeed inhibited with 58 %. Hydrogenotrophic methanogenic 
activity was always higher than the activity of syntrophic ethanol oxidation. 
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Up to 15 g/L n-caproate, the relative order of inhibition was VFA upgrading 
> syntrophic ethanol oxidation with no inhibition for hydrogenotrophic 
methanogenesis. Within this n-caproate concentration range, syntrophic ethanol 
oxidation was not limited by hydrogenotrophic methanogenesis. At 20 g/L 
n-caproate, the relative order of inhibition was VFA upgrading > hydrogenotrophic 
methanogenesis > syntrophic ethanol oxidation. At this n-caproate concentration, 
hydrogenotrophic methanogenesis was severely suppressed by n-caproate 
inhibition. is is in line with earlier work by Hajarnis et al. (1994) who found 
that pure cultures of hydrogenotrophic methanogens, Methanobacterium bryantii 
and Methanobacterium formicium, were inhibited for 96 and 95  % respectively 
by 20 g/L n-caproate at pH 7.0 [108]. By extrapolating our data, we estimate that, 
at 25 g/L n-caproate, syntrophic ethanol oxidation may become rate-limited 
by hydrogenotrophic methanogenesis. is extrapolation provides supportive 
evidence for the hypothesis that a high n-caproate concentration is a control 
strategy to suppress syntrophic ethanol oxidation through hydrogenotrophic 
methanogenesis in chain elongation processes. At high n-caproate concentrations, 
however, chain elongation itself may also be inhibited; though ethanol may be 
used more eciently, as was shown in our previous study [103].
It was remarkable that at 15 and 20 g/L n-caproate, VFA upgrading was not 
observed, which shows that chain elongating microorganisms were completely 
inhibited by n-caproate. Previous studies, however, reported chain elongation 
activity up to considerably higher n-caproate concentrations (i.e. 21 g/L [90], 23 
g/L [34] and even up to 25 g/L [103] at similar pH). Probably, the sludge that we 
used as inoculum was not adapted to such high n-caproate concentrations. e 
actual inoculum, ‘synthetic medium sludge’, was indeed derived from a running 
chain elongation process with a lower n-caproate concentration (3.4 g/L) than that 
was present in the experimental assays at 15 and 20 g/L n-caproate. erefore, the 
sudden increase of n-caproate during inoculation may have resulted in an acute 
toxic eect to the chain elongating microorganisms. 
5.3.2  Comparing VFA upgrading using non-adapted sludge and adapted 
sludge
To investigate whether sludge can be adapted to perform VFA upgrading (i.e. 
chain elongation) at high n-caproate concentrations, a follow-up experiment was 
performed. In this experiment, VFA upgrading activity was compared using an 
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inoculum that operated at low n-caproate concentration (7.1 g/L; non-adapted 
sludge) with an inoculum that operated at high n-caproate concentration (23.2 
g/L; adapted sludge). Results of this experiment are graphically summarized in 
Figure 5.2. Numerical values on average specic activities are reported in Table 
5.2 and proles of product production are reported in the supporting information 
(Figure S5.4 and S5.5). At 10 g/L n-caproate, VFA upgrading activity was a factor 
14 higher with adapted sludge (411 mmol C/gVSS/d) than with non-adapted 
sludge. At 15 g/L, VFA upgrading activity was a factor 10 higher with adapted 
sludge (181 mmol C/gVSS/d) than with non-adapted sludge. ese gures show 
that the n-caproate tolerance of VFA upgrading activity was clearly increased with 
adapted sludge. However, at 20 g/L n-caproate the VFA upgrading process was 
completely inhibited with both adapted sludge and non-adapted sludge. 
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Figure 5.2: Results of batch inhibition assays; initial n-caproate concentration vs. observed activity 
(a) and relative activity (b) of VFA upgrading using non-adapted and adapted sludge as inoculum. 
Non-adapted sludge was grown converting acidied food waste and ethanol into MCFAs at 7.1 g/L 
n-caproate. Adapted sludge was grown converting acidied food waste and ethanol into MCFAs at 
23.2 g/L n-caproate. Values indicate averages of duplicates and bars indicate range of duplicates (oen 
too small to be visual). T = 30 °C, pH = 6.8 (buered).
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5.4  Discussion
5.4.1  n-Caproate inhibits the active functional groups in chain elongation 
microbiomes
In this study, the eect of n-caproate concentration on the specic activity of chain 
elongation and competing processes was investigated. e specic activity of all 
active processes decreased with an increasing n-caproate concentration, though 
the degree in which these processes were inhibited was dierent for each process. 
e most plausible explanation for these decreased activities is that n-caproate 
is inhibitory to the active microorganisms. Such kind of inhibition depends on 
the MCFA concentration (in this case n-caproate), the chain length, the pH [109] 
and also on the identity and the degree of adaptation of the microorganism [95]. 
Evenly, in theory, n-caproate can thermodynamically inhibit its own production. 
However, we calculated that under the actual conditions, n-caproate did not 
induce a thermodynamic bottleneck for chain elongation [88].
5.4.2  Both undissociated n-caproic acid and dissociated n-caproate are 
inhibitory
Evidently, fatty acids in water can appear in their undissociated form or in their 
dissociated form. e distribution of these two forms depends on the pH and the 
pKa of the fatty acid. A low (i.e. acidic) pH yields a high fraction of undissociated 
fatty acids whereas a neutral and a high pH yields a low fraction of undissociated 
fatty acids. Undissociated MCFAs are considered to be more inhibitory to 
microorganisms than dissociated MCFAs [95]. is seems also true for chain 
elongating microorganisms. Chain elongation studies that operate at slightly 
acidic pH, therefore, typically report lower MCFA production rates ([29] [56]) 
compared to studies that operate at near-neutral pH ([25] [26] [53]). For details on 
mechanisms of (un)dissociated MCFA inhibition, we refer the interested reader to 
a review article [110].
In this study, we were interested in the inhibitory eect of both n-caproate forms 
together at constant pH. As such, even though EEO and the reverse β-oxidation 
pathway release a proton (i.e. acidify the media), we had to minimize undissociation 
of n-caproate by keeping the pH constant during the assays. is was performed 
through the use of various buers.
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e assays in our study had an initial pH of 6.8; meaning that 1.1  % of total 
n-caproate, with a pKa of 4.85, was undissociated. e lowest observed pH at the 
end of an assay was 6.5 (data not shown); meaning that, at most, 2  % of total 
n-caproate was undissociated. erefore, we conclude that the buers worked 
well and the protocol used in this study could thus be used for other batch 
inhibition assays that require constant pH. We also conclude that VFA upgrading 
in underlying study was likely not solely inhibited by undissociated n-caproic 
acid alone. Rather, this process was likely inhibited by a combination of both 
forms together. is is because the highest observed undissociated n-caproic acid 
concentration in our study (~0.4 g/L; Table 5.2) was always below the proposed 
toxic limit of undissociated n-caproic acid for chain elongation (~0.87 g/L [56]). 
is would mean that, although dissociated MCFAs are considered less toxic than 
undissociated MCFAs, they are inhibitory too. 
5.4.3   The role of exogenous n-caproate and sodium
Before adapted sludge was used as inoculum in the batch inhibition assays, 
it was active in VFA upgrading (386 mmolC/gVSS/d) at an average n-caproate 
concentration of 23.2 g/L (Table 5.2). In the batch assays at 20 and 25 g/L n-caproate, 
however, this sludge showed no VFA upgrading activity (Figure 5.2). We have no 
mechanistic explanation for this. Possibly, exogenous (i.e. supplied) n-caproate 
may impose a dierent inhibitory eect than endogenous (i.e. produced) 
n-caproate. e exogenous n-caproate in the batch inhibition assays may thus 
be more toxic to chain elongating microorganisms than endogenous produced 
n-caproate in the continuous chain elongation process. Earlier work demonstrated 
a similar, but opposite eect; endogenous ethanol exerted a greater impact on yeast 
performance than exogenous ethanol [111]. Another example is that Escherichia 
coli was associated with fewer membrane damage with exogenously supplied 
styrene than with endogenously produced styrene [112]. Hence, these authors 
stressed the importance of considering the dierence between exogenous and 
endogenous compounds when characterizing the eects of product inhibition.
All assays started with the same initial pH (6.8). Because n-caproic acid was added 
at dierent concentrations in the preparation of the media, however, also dierent 
amounts of sodium hydroxide were added to adjust the pH. is means that, besides 
n-caproate, also the sodium concentrations varied among the assays. Indeed, 
observed initial sodium concentrations were proportional to the initial n-caproate 
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concentrations (Table 5.2). Sodium can be inhibitory to microorganisms through 
an increase of osmotic pressure or complete dehydration of microorganisms [113]. 
To determine whether sodium was inhibitory, observed sodium concentrations 
were compared (Table 5.2).
Sodium had likely no substantial inhibitory eect on VFA upgrading in all assays. 
e used inocula were derived from environments with a similar, but oen higher, 
sodium concentration than that was present in the assays. For example, adapted 
sludge was active in VFA upgrading in the reactor (386 mmolC/gVSS/d) at a 
high sodium concentration (9.1 g/L) but was completely inhibited in the 20 g/L 
n-caproate batch assay that contained a lower sodium concentration (6.4 g/L). Some 
strains of the chain elongating bacterium C. kluyveri were derived from brackish 
sediments [114], underlining that the active chain elongating microorganisms in 
our batch inhibition assays were likely not rigorously inhibited by sodium but by 
n-caproate. Also, the synthetic medium sludge was active in hydrogenotrophic 
methanogenesis in the reactor (59 mmolC/gVSS/d) at a sodium concentration of 
6.1 g/L whereas sodium concentrations in the batch inhibition assays were lower 
or similar (2.3 – 7.1 g/L). Likewise, earlier work showed that hydrogenotrophic 
methanogens can remain active even up to high sodium chloride concentrations of 
1.25M (29 g/L sodium) [115]. is shows that hydrogenotrophic methanogenesis 
was likely also not rigorously inhibited by sodium but by n-caproate in our batch 
inhibition assays.
5.4.4  n-Caproate formation may adapt the microbial sludge to perform 
chain elongation at higher concentrations
In an eective chain elongation process, chain elongation is stimulated 
while competing processes are suppressed. Whereas chain elongation can be 
stimulated by adding C. kluyveri [116], competing processes can be suppressed 
in various ways. Past research explained that pH [29], hydraulic shear force in 
combination with low hydraulic retention time [24] and CO2 loading rate [88] 
are control parameters to suppress competing processes. Also, the n-caproate 
concentration itself may have an eect since earlier work stated that undissociated 
n-caproic acid does have a microbial toxicity (at pH 5.5) which warranted the 
need of an continuous extraction unit [56]. In our systematic study, it was 
shown that exogenous n-caproate does aect the dierent functional groups of 
microorganisms which may also be the case with endogenous n-caproate within 
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bioreactors. With the activity tests, we show that adapted sludge is less inhibited 
than non-adapted sludge at higher n-caproate concentrations. is dierence 
in n-caproate tolerance between adapted sludge and non-adapted sludge can be 
explained by a change in physiology of chain elongating microorganisms (e.g. 
membrane composition, uidity, integrity, and hydrophobicity) [110]. Another 
explanation is that the higher caproate concentration in the reactors selected for 
more n-caproate-tolerant chain elongating microorganisms. Our explanation (i.e. 
hypothesis) is that the formation of n-caproate in reactor microbiomes does acts 
as an in situ stimulatory agent to form higher n-caproate concentrations which 
leads towards a further accumulation and possible more selective production of 
n-caproate. 
5.5  Conclusions
In this study, we showed that n-caproate inhibits chain elongation and competing 
processes in chain elongation microbiomes. Hydrogenotrophic methanogenesis 
was severely inhibited at 20 g/L n-caproate in batch. is inhibition probably 
rate-limits syntrophic ethanol oxidation at 25 g/L n-caproate. VFA upgrading 
was the most sensitive process to n-caproate inhibition but we demonstrated 
that the n-caproate tolerance of this process is higher with adapted sludge than 
with non-adapted sludge. us, microbiomes can be adapted to perform VFA 
upgrading at high n-caproate concentrations which likely limits syntrophic ethanol 
oxidation through hydrogenotrophic methanogenesis. n-Caproate formation is 
consequently another control parameter to inhibit competing processes to steer to 
higher n-caproate concentrations. 
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5.6  Supporting Information
Profiles of product production 
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Figure S5.1: Methane production by hydrogenotrophic methanogenesis at dierent initial n-caproate 
concentrations using synthetic medium sludge. Values indicate averages of duplicates and bars 
indicate range of duplicates (oen too small to be visual). T = 30 °C, pH = 6.8 (buered).
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Figure S5.2: Methane production by syntrophic ethanol oxidation at dierent initial n-caproate 
concentrations using synthetic medium sludge. Values indicate averages of duplicates and bars 
indicate range of duplicates (oen too small to be visual). T = 30 °C, pH = 6.8 (buered).
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Figure S5.3: n-Valerate plus n-heptanoate production by VFA upgrading at dierent initial n-caproate 
concentrations using synthetic medium sludge. Values indicate averages of duplicates and bars 
indicate range of duplicates (oen too small to be visual). T = 30 °C, pH = 6.8 (buered).
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Figure S5.4: n-Valerate plus n-heptanoate production by VFA upgrading at dierent initial n-caproate 
concentrations using non-adapted sludge. Values indicate averages of duplicates and bars indicate 
range of duplicates (oen too small to be visual). T = 30 °C, pH = 6.8 (buered).
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Figure S5.5: n-Valerate plus n-heptanoate production by VFA upgrading at dierent initial n-caproate 
concentrations using adapted sludge. Values indicate averages of duplicates and bars indicate range of 
duplicates (oen too small to be visual). T = 30 °C, pH = 6.8 (buered).
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Specifications ‘synthetic medium sludge’
Synthetic medium sludge was directly derived from a running continuous chain 
elongation process that converted synthetic substrates (propionate and ethanol) 
into MCFAs. e reactor conguration has been described previously [53]. 
Specications on process conditions are reported in Table S5.1. Concentrations 
and rates of substrates and products are reported in Table S5.2.
Table S5.1: Specications of process conditions that conditioned synthetic medium sludge.
Specication Unit Value
Temperature °C 30
pH - 6.8
HRT d 0.7
Substrates in inuent g/L 12.8 [Ethanol]
13.4 [Propionate]
CO2 loading rate L/L/d 2.5
Days aer startup d 377
VSS g/L 0.61
Table S5.2: Concentrations and rates of substrates and products in the process from which synthetic 
medium sludge was derived.
Compound Concentration Rate
[mmol·L-1] [mmol·L-1·d-1]
Ethanol   6.8  ±  2.9  -400.7  ±  36.7
Propanol   3.5  ±  2.6     5.1  ±  3.5
Acetate 26.0  ±  4.8   38.3  ±  6.7
Propionate 59.1  ±  6.6  -179.9  ±  20.1
Isobutyrate   0.2  ±  0.2     0.3  ±  0.3
n-Butyrate 15.3  ±  1.4   22.6  ±  1.9
Isovalerate   0.7  ±  0.1     1.0  ±  0.1
n-Valerate 88.6  ±  3.1   131.0  ±  11.3
Isocaproate   0.1  ±  0.1     0.1  ±  0.2
n-Caproate 29.3  ±  2.6   43.3  ±  5.4
n-Heptanoate 16.8  ±  2.6   24.9  ±  4.5
n-Caprylate   0.6  ±  0.1     0.8  ±  0.2
CO2         23.2  ±  12.4 % i  -91.3  ±  4.5
CH4         69.0  ±  26.1 % i   35.7  ±  6.4
H2         2.2  ±  3.7 % i     1.1 ±  1.7
i Concentrations of gaseous compounds (CO2, CH4, H2) are shown as percentage in the headspace at 
1 atm.
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Specifications ‘synthetic medium sludge’
Specic activity of syntrophic ethanol oxidation of synthetic medium sludge in 
reactor
• Specic syntrophic ethanol oxidation activity = 1 · rCH4 / VSS =  
1 · 35.7 mmol/L/d / 0.61 g/L = 59 mmolC/gVSS/d.
Specic VFA upgrading activity of synthetic medium sludge in reactor
• Specic (total) VFA upgrading activity = specic odd-numbered 
VFA upgrading activity + specic even-numbered VFA 
upgrading activity = 1362 + 0 = 1362 mmol C/gVSS/d.
• Specic odd-numbered VFA upgrading activity =  
(5 · rn-Valerate + 7 · rn-Heptanoate) / VSS = (5 · 131.0 mmol/L/d + 
7 · 24.9 mmol/L/d) / 0.61 g/L = 1362 mmol C/gVSS/d.
• Specic even-numbered VFA upgrading activity = 0 
mmol C/gVSS/d (no even-numbered VFAs were net 
consumed).
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Specifications ‘non-adapted sludge’
Non-adapted sludge was directly derived from a running continuous chain 
elongation process that converted acidied food waste and ethanol into MCFAs 
[103]. e reactor conguration has been described previously [53]. Specications 
on process conditions are reported in Table S5.3. Concentrations and rates of 
substrates and products are reported in Table S5.4.
Table S5.3: Specications of process conditions that conditioned non-adapted sludge.
Specication Unit Value
Temperature °C 30
pH - 6.8
HRT d 1.0
Substrates in inuent g/L [Acidied Food Waste]
32.2 [Ethanol]
CO2 loading rate L/L/d 1.0
Days aer startup d 103
VSS g/L 0.35
Table S5.4: Concentrations and rates of substrates and products in the process from which 
non-adapted sludge was derived.
Compound Concentration Rate
[mmol·L-1] [mmol·L-1·d-1]
Ethanol      437.3  ±  34.0      -267.6  ±  23.5
Propanol          0.7  ±  0.9           0.7  ±  0.9
Acetate      122.1  ±  8.6        -13.1  ±  8.3
Propionate        15.5  ±  1.0          -9.2  ±  1.5
Isobutyrate          6.2  ±  0.4          -0.9  ±  0.4
n-Butyrate      122.8  ±  11.3         18.3  ±  12.4
Isovalerate          4.0  ±  0.3          -0.5  ±  0.3
n-Valerate          9.4  ±  1.1           4.3  ±  0.9
Isocaproate          0.4  ±  0.1           0.4  ±  0.1
n-Caproate        60.7  ±  7.8         48.1  ±  7.5
n-Heptanoate          0.6  ±  0.1           0.6  ±  0.1
n-Caprylate          0.5  ±  0.1           0.5  ±  0.1
CO2          5.4  ±  3.0 % i        -37.2  ±  0.1
CH4        77.0  ±  42.0 % i         43.8  ±  2.5
H2          0.0  ±  0.1 % i           0.1  ±  0.0
i Concentrations of gaseous compounds (CO2, CH4, H2) are shown as percentage in the headspace at 
1 atm.
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Specifications ‘non-adapted sludge’
Specic VFA upgrading activity of non-adapted sludge in reactor
• Specic VFA upgrading activity = specic odd-numbered VFA 
upgrading activity + specic even-numbered VFA upgrading activity 
= 71.6 + 148.8 = 220 mmol C/gVSS/d.
• Specic odd-numbered VFA upgrading activity = 
(5 · rn-Valerate + 7 · rn-Heptanoate) / VSS = (5 · 4.3 mmol/L/d + 7 · 
0.6 mmol/L/d) / 0.35 g/L = 71.6 mmol C/gVSS/d.
• Specic even-numbered VFA upgrading activity =  
(4 · |racetate|) / VSS = (4 · |-13.1|) / 0.35 = 148.8 mmol  
C/gVSS/d (acetate upgrading to n-butyrate).
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Specifications ‘adapted sludge’
Adapted sludge was directly derived from a running continuous chain elongation 
process that converted acidied food waste and ethanol into MCFAs [103]. e 
reactor conguration has been described previously [53]. Specications on process 
conditions are reported in Table S5.5. Concentrations and rates of substrates and 
products are reported in Table S5.6.
Table S5.5: Specications of process conditions that conditioned adapted sludge.
Specication Unit Value
Temperature °C 30
pH - 6.8
HRT d 4.0
Substrates in inuent g/L [Acidied Food Waste]
32.2 [Ethanol]
CO2 loading rate L/L/d 1.0
Days aer startup d 124
VSS g/L 0.51
Table S5.6: Concentrations and rates of substrates and products in the process from which adapted 
sludge was derived.
Compound Concentration Rate
[mmol·L-1] [mmol·L-1·d-1]
Ethanol       64.4  ±  35.5       -125.6  ±  26.0
Propanol         5.7  ±  3.7            1.4  ±  1.0
Acetate       31.2  ±  15.2         -26.4  ±  4.7
Propionate         6.4  ±  1.1           -4.6  ±  0.3
Isobutyrate         5.8  ±  0.3           -0.3  ±  0.1
n-Butyrate       90.6  ±  18.4           -3.9  ±  4.5
Isovalerate         4.1  ±  0.3           -0.1  ±  0.1
n-Valerate       13.6  ±  1.7            2.2  ±  0.4
Isocaproate         0.8  ±  0.1            0.1  ±  0.0
n-Caproate     199.9  ±  16.0          46.3  ±  2.8
n-Heptanoate         2.5  ±  0.7            0.5  ±  0.1
n-Caprylate         3.5  ±  1.1            0.8  ±  0.2
CO2       54.6  ±  25.1 % i         -22.5  ±  2.9
CH4       19.9  ±  21.5 % i            6.4  ±  5.8
H2       11.1  ±  14.0 % i            3.7  ±  3.8
i Concentrations of gaseous compounds (CO2, CH4, H2) are shown as percentage in the headspace at 
1 atm.
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Specifications ‘adapted sludge’
Specic VFA upgrading activity of adapted sludge in reactor
• Specic VFA upgrading activity = specic odd-numbered VFA 
upgrading activity + specic even-numbered VFA upgrading 
activity = 29.0 + 357.5 = 386 mmol C/gVSS/d.
• Specic odd-numbered VFA upgrading activity =  
(5 · rn-Valerate + 7 · rn-Heptanoate) / VSS = (5 · 2.2 mmol/L/d +  
7 · 0.5 mmol/L/d) / 0.51 g/L = 29.0 mmol C/gVSS/d.
• Specic even-numbered VFA upgrading activity =  
(6 · |racetate| + 6 · |rn-Butyrate|) / VSS = (6 · |-26.4 mmol/L/d | 
+ 6 · |-3.9 mmol/L/d |) / 0.51 g/L = 357.5 mmol C/
gVSS/d (acetate upgrading to n-caproate plus n-butyrate 
upgrading to n-caproate).
18043 Mark Roghair.indd   117 10-10-18   15:06
18043 Mark Roghair.indd   118 10-10-18   15:06
CHAPTER 6
General Discussion
18043 Mark Roghair.indd   119 10-10-18   15:06
Chapter 6
120
6.1  What we did in this thesis and why
In this thesis, we investigated several strategies to control competing processes 
in ethanol-based open-culture chain elongation. Controlling competing processes 
is important because they cause limited MCFA selectivities and/or inecient 
substrate usages which negatively inuences operating expenses. We studied the 
eect of CO2 loading rate (Chapter 3), hydraulic retention time (Chapter 4) and 
n-caproate concentration (Chapter 5) on chain elongation and on competing 
processes in both batch and continuous reactor experiments. Special attention 
was given to control the competing process excessive ethanol oxidation (EEO; Eq 
6.1). EEO consumes ethanol but does not contribute directly to chain elongation. 
EEO is an unwanted process because ethanol is a costly substrate. Moreover, its 
production typically competes for arable land space (rst generation bioethanol) 
or contributes to global warming (synthetic ethanol). Finally, EEO is an acidifying 
process which requires extra base addition and thus operating expenses.
Excessive ethanol oxidation (EEO):
 (Eq 6.1)
Hydrogenotrophic methanogenesis:
 (Eq 6.2)
Syntrophic ethanol oxidation:
 (Eq 6.3)
6.2  Research outcomes and implications
In Chapter 3, we showed that EEO is dependent on hydrogenotrophic 
methanogenesis (Eq 6.2) and that the overall reaction can be referred to as 
syntrophic ethanol oxidation (Eq 6.3). By limiting the CO2 loading rate to a chain 
elongation process, syntrophic ethanol oxidation is also limited. is means 
that low CO2 loading rates must be applied in chain elongation processes from 
acidied organic waste and additional ethanol in order to minimize use of ethanol 
and base. Vice versa, at high CO2 loading rate, syntrophic ethanol oxidation 
(and thus EEO) was stimulated. is led to an ‘ethanol upgrading’ process, 
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in which ethanol was primarily used to upgrade ethanol itself into n-caproate. 
Although not ecient in ethanol-use, ethanol upgrading could be considered to 
convert undistilled bioethanol into MCFAs to circumvent distillation of ethanol 
which is energetically expensive [19]. Next to CO2 loading rate, we found an 
alternative strategy to control EEO: by applying a long HRT in a chain elongation 
process, syntrophic ethanol oxidation was also suppressed (Chapter 4). A major 
advantage of this strategy over a limited CO2 loading rate is that the n-caproate 
concentration can become very high. In fact, here we have reported the highest 
n-caproate concentration observed in a chain elongation process to date (25.7 
g/L). A hypothesis was that the high n-caproate concentration caused the actual 
inhibition on syntrophic ethanol oxidation. In Chapter 5, we tested this hypothesis 
by investigating the eect of n-caproate concentration on the specic activity 
of syntrophic ethanol oxidation, hydrogenotrophic methanogenesis and chain 
elongation with batch inhibition assays. e results suggest that high n-caproate 
concentrations inhibit hydrogenotrophic methanogenesis and therefore limit 
syntrophic ethanol oxidation. As such, accumulation of n-caproate in chain 
elongation bioreactors inhibits syntrophic ethanol oxidation which leads to a 
more selective and ethanol-ecient MCFA production process.
In Chapter 2, we presented the discovery of granular sludge formation in a chain 
elongation process. e granules did contribute to MCFA production through 
both ethanol and VFA upgrading. However, the formation of granules seems to 
coincide with high-rate syntrophic ethanol oxidation (Chapter 3 and 4). is type 
of granular chain elongation sludge, therefore, may be useful in ethanol-upgrading 
processes but not in processes in which ethanol must be used eciently. 
6.3  Overview of control strategies for chain elongation 
with open cultures 
In Table 6.1, we summarize the desired and competing processes in ethanol-based 
chain elongation as well as the known corresponding control strategies. ese 
control strategies are based on the results of this thesis and on literature. Note 
that syntrophic ethanol oxidation (a combination of EEO and hydrogenotrophic 
methanogenesis) is considered as a competing process when a VFA upgrading 
process is desired but that it can also be considered as a mediating process when 
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an ethanol upgrading process is desired. Another side-advantage of syntrophic 
ethanol oxidation is that it upgrades CO2 into methane.
Based on the explanations on how the processes were reported to be controlled, 
we associate the control strategies in Table 6.1 with ‘prevented’ (process does 
not occur at all), ‘inhibited’ (process still occurs but to a limited extent), 
‘thermodynamically unfavorable’ (process is thermodynamic unfavorable but 
could still occur at local/micro conditions), limited (process still occurs but is 
limited by substrate availability) or with ‘out selected’ (process does not occur 
because the corresponding microorganisms are practically washed out).
6.4  Scenarios that may undermine control strategies
Depending on the feedstock composition and desired processes one can apply 
dierent control strategies. ese strategies will likely work well with similar 
substrates and reactor congurations as used in this thesis. However, new 
circumstances or specic substrates may not always suit the identied control 
mechanisms. e presented control strategies in Table 6.1, therefore, may not 
always be applicable. For example, whereas a limited CO2 loading rate has shown 
to control EEO under the applied conditions in Chapter 3 and in ref [27] and [29], 
this control strategy probably won’t work properly when other hydrogen sinks 
than CO2 are also present. So when sulfate, for example, is present in the medium 
as well as sulfate reducing bacteria, in situ produced hydrogen will likely be used to 
reduce sulfate into sulde. is could prevent the accumulation of hydrogen that 
is required to thermodynamically inhibit EEO. 
Other scenarios that undermine the presented control strategies are the adaptation 
of microorganisms and the introduction of as-yet-uncultured microorganisms. 
For example, when the open culture contains hydrogenotrophic methanogens that 
are somehow resilient to high n-caproate concentrations (≥ 25 g/L n-caproate), 
it is likely that EEO still proceeds at high rates, even beyond these apparent 
boundary conditions. Also, the desired chain elongation process apparently does 
not proceed at a temperature higher than or equal to 40 °C [29] and also not at 
a pH lower than or equal to 4.5 [117]. Although this probably means that chain 
elongation is prevented at these conditions, we cannot consider this as a hard rule 
due to the vast diversity and dynamic nature of microorganisms.
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6.5  One third of total consumed ethanol is inevitably used 
for ethanol upgrading 
6.5.1 Ethanol-use for ethanol upgrading and VFA upgrading
Ethanol-based chain elongation with open cultures does not only upgrade VFAs 
into MCFAs, it also upgrades ethanol itself into MCFAs (Figure 6.1). Because 
ethanol upgrading is inecient in ethanol-use, it can be considered as an undesired 
carbon ux. However, although ethanol upgrading can be limited by controlling 
syntrophic ethanol oxidation, it seems that some extent of ethanol upgrading is 
inevitable, even when syntrophic ethanol oxidation is completely suppressed. is 
is because chain elongating microorganisms can upgrade ethanol into MCFAs by 
1) oxidizing ethanol into acetate and 2) elongate this acetate with ethanol into 
MCFAs. Both processes occur through the reverse β-oxidation pathway for chain 
elongation in which 1 mole of ethanol is anaerobically oxidized into acetate for 
every 5 chain elongation reactions. Here, we show how much ethanol is used for 
ethanol upgrading through the reverse β-oxidation pathway without syntrophic 
ethanol oxidation. We determine this ‘minimum ethanol-use for ethanol 
upgrading’ via a theoretical approach and we validate this value by extrapolating 
our experimental results.
Acetate
MCFAsEthanol
VFAs
Ethanol
upgrading
VFA
upgrading
MCFAs
Figure 6.1: Ethanol-based chain elongation typically involves two types of carbon uxes: ethanol 
upgrading and VFA upgrading. Ethanol upgrading = in situ ethanol oxidation into acetate and 
subsequent chain elongation into even-numbered fatty acids. VFA upgrading = chain elongation of 
fed-VFAs.
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6.5.2   Minimum ethanol-use for ethanol upgrading: a theoretical approach
Let’s consider that 1 mole of acetate, which is derived from primary fermentation, 
is elongated with 1 mole of ethanol into n-butyrate through the reverse β-oxidation 
pathway. e ethanol that is consumed here accounts for ‘VFA upgrading’ because 
it upgrades a VFA that is externally fed and not internally produced. Inherent to 
this elongation step, an additional 0.2 mole of ethanol is oxidized into 0.2 mole of 
acetate (assuming a xed 5:1 ratio in the reverse β-oxidation pathway). is forms 
the starting VFA for ethanol upgrading and as such, this ethanol consumption 
accounts for ethanol upgrading. e resulting acetate is then further elongated 
with the same molar amount of ethanol (0.2 mole), which also accounts for ethanol 
upgrading. Along with this elongation step, an additional (0.2 · 0.2) 0.04 mole of 
ethanol is oxidized into 0.04 mole of acetate. Again, this 0.04 mole acetate is further 
elongated with the same molar amount of ethanol, and again, acetate is formed. 
is iterates eventually until 0.5 mole of ethanol-use for ethanol upgrading (Figure 
6.2). As such, for every VFA upgrading step, 0.5 mole of ethanol is used for ethanol 
upgrading. In other words, at least 33.3 % of total used ethanol is inevitably used 
for ethanol upgrading in ethanol-based chain elongation processes.
Ethanol-use for
VFA upgrading
[mol]
Ethanol-use for
ethanol upgrading
[mol]
1 0.2
0.2
0.04
0.04
0.008
0.008
0.0016
0.0016
1 (total) 0.5 (total)
EtOH
n-C4
0.04
C2
C2
1
0.2
EtOH
0.2
C2
0.04
EtOH
0.008
C2
0.008
n-C4
n-C4
EtOH
n-C4
Ethanol
upgrading
VFA
upgrading
Organic waste
1
Primary
fermentation
Figure 6.2: Graphical representation how much ethanol is used for both VFA upgrading (red gures) 
and ethanol upgrading (green gures) in chain elongation without syntrophic ethanol oxidation. In 
the reverse β-oxidation pathway for chain elongation, 0.2 mole of ethanol is oxidized into acetate (C2) 
for every chain elongation step.
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6.5.3 Minimum ethanol-use for ethanol upgrading: extrapolating 
experimental results
With the experimental results from Chapter 3, we determined the rate of EEO 
and the rate of ethanol-use for ethanol upgrading at dierent CO2 loading rates. 
e relative rates are plotted against each other in Figure 6.3. e linear regression 
line has an intersection with the y-axis (no EEO) at 27.4; meaning that when EEO 
is completely suppressed, the percentage of ethanol-use for ethanol upgrading is 
27.4 %. is value is close to the aforementioned theoretical 33.3 %, underlining 
that one third of total consumed ethanol inevitably is used for ethanol upgrading, 
even when the competing processes EEO is completely suppressed.
y = 1.9x + 27.4
R² = 0.99
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Figure 6.3: Relative rates of excessive ethanol oxidation (EEO) vs. ethanol-use for ethanol upgrading 
at dierent CO2 loading rates. Data is adapted from Chapter 3. e red dot at 0 % EEO indicates the 
theoretical minimum ethanol-use for ethanol upgrading (33.33 %).
6.6  Outlook
6.6.1   Alternative electron donors from residual biomass
In this thesis, we have shown several strategies to control competing processes 
in ethanol-based chain elongation with open cultures. To further improve the 
eectiveness of this technology, ethanol and base consumption should be further 
reduced since these aspects have most impact on the environment and costs [35]. 
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is could be done by steering the hydrolysis and acidogenesis stage to MCFAs 
and/or lactate production (e.g. ref [30] and [119]) or by using alternative electron 
donors for chain elongation such as hydrogen [23], methanol [33], carbon 
monoxide [67], glucose [66] or propanol [52]. Evidently, these alternative electron 
donors should also be obtained from residual biomass. Here, we discuss how these 
alternative electron donors can be produced via the biorenery platforms (syngas, 
sugar and carboxylate platform; Chapter 1).
In the syngas platform, dry biomass is gasied into syngas. e primary components 
of syngas, CO and H2, can readily be used as electron donor for chain elongation. 
Alternatively, syngas can be converted into methanol [120], ethanol and propanol 
[121] which are all suitable electron donors. However, although methanol-based 
chain elongation is not optimised and typically results in low MCFA production 
rates (≤ 0.23 g/L/d) and selectivities (≤ 8 % on an electron basis), it could be used 
for the production of isobutyrate [33] [92].
In the sugar platform, (lignocellulosic) biomass is hydrolyzed into sugars, such 
as glucose and xylose, as intermediate platform chemicals. Glucose could readily 
be used as electron donor for chain elongation but whether xylose is also suitable 
remains to be investigated. If this C5 sugar is suitable, lignocellulosic hydrolysates 
are interesting alternative feedstocks for chain elongation. Alternatively, 
lignocellulosic sugars could be fermented into ethanol or lactate as electron donor 
for chain elongation.
In the carboxylate platform, wet biomass is typically hydrolyzed and acidied 
into volatile fatty acids (VFAs), such as acetate, propionate and butyrate, as 
intermediates. However, it is also possible to steer such hydrolysis and acidication 
towards electron donors for chain elongation such as hydrogen [122] or lactate. 
Lactate seems interesting as this could be produced in high concentrations from 
organic waste. For example, Kim et al. (2016) acidied food waste at thermophilic 
conditions (50 °C) at pH 5.0 which resulted in lactate production until 40 g/L 
[123]. 
6.6.2   Lactate as electron donor for chain elongation
Lactate is a promising alternative electron donor for chain elongation. Zhu et 
al. (2015) fermented lactate into MCFAs and reported a MCFA production 
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rate of 2.5 g/L/d, a MCFA concentration of 23.4 g/L and a MCFA selectivity of 
81.4  % on an electron basis [34]. ese gures are similar as in our developed 
ethanol-based chain elongation process with acidied food waste, in which we 
reported an average MCFA production rate of 5.8 g/L/d at a MCFA concentration 
of 24.7 g/L and a MCFA selectivity of 81.4 % on an electron basis (Chapter 4). 
Lactate-based chain elongation, therefore, is certainly no less than ethanol-based 
chain elongation. Another advantage of lactate is that it could fully eliminate the 
addition of an external electron donor. Xu et al. (2017) fed acid whey waste to a 
two-stage conversion, resulting in a lactate production of ~37 g/L/d in the rst 
stage (50 °C, pH 5.0, HRT = 1.17 d) and a MCFA production of ~2.2 g/L/d in the 
second stage (30 °C, pH 5.0, HRT = 3.55) [30]. Due to the lactate production in the 
rst stage, they did not need an external electron donor. However, not all residual 
biomass streams may be suitable for lactate production. Another advantage of 
lactate-based chain elongation is that it consumes a proton (Eq 6.1), instead of 
produces a proton, which is the case in ethanol-based chain elongation. Lactate 
based chain elongation, therefore, allows further minimization of base-use. By 
combining both ethanol and lactate as electron donor, one could possibly fully 
eliminate base-use in chain elongation processes.
Overall stoichiometry of lactate-based chain elongation:
 (Eq 6.1)
Overall stoichiometry of the acrylate pathway:
 (Eq 6.2)
Unfortunately, lactate is also prone to competing processes. Kucek et al. (2016) 
demonstrated continuous conversion of lactate to n-caproate [20] but also reported 
that part of the lactate was converted into propionate through the acrylate pathway 
(Eq 6.2). Similar as EEO, this acrylate pathway can be considered as a competing 
process. It seems, however, that this process can also be controlled since Xu et al. 
(2017) mentioned that, based on their MCFA selectivity of up to 66 %, it is possible 
to steer microbiomes towards chain elongation rather than the acrylate pathway. 
is indicates that also the acrylate pathway, like EEO, can be controlled.
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6.7  Concluding remarks
Chain elongation with open cultures can eectively convert biomass residues into 
precursors for fuels and chemicals. Such processes are important to reduce both the 
dependency of petrochemical resources and land-use for non-food applications. 
e attractiveness of the process is that it operates under mild temperature and 
pressure conditions. It also does not need an expensive catalyst or genetically 
modied microorganisms. Furthermore, as shown in this thesis, chain elongation 
with open cultures can produce MCFAs at high rates and concentrations under 
practical circumstances in a continuous process. To control competing processes 
in chain elongation, one does not need to add toxic chemicals or apply expensive 
heat shocks. In fact, competing processes can be controlled in relatively simple 
ways such as a limited CO2 availability or by operating the process at high MCFA 
concentrations. Still, the addition of base and ethanol can be further reduced to 
decrease operating expenses and to lower the environmental impact. Fortunately, 
there are possibilities to do so by, for example, steering hydrolysis and acidication 
towards lactate or by selecting alternative electron donors from biomass residues.
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